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Propositions 

1) Volatile fingerprinting and in vivo monitoring of aroma release 

help understanding the factors shaping complex concepts as food

quality and flavour perception. (this thesis)

2) Predicting the quality of food, established by ambiguous or

unprecise sensory evaluation classifications, is like collecting frogs

in a bucket. (this thesis)

3) Mapping inter-individual variability is one of the most fascinating

challenges for sensory and consumer science and will assist the

development of personalized food design. 

4) Canned spaghetti is an alarm bell for the limits of food technology

that should not be exceeded.

5) The problem is not to feed the planet but the way in which we

want to do it.

6) Techne and technik will eventually fail in stretching planetary 

boundaries for ensuring the perpetual growth needed by our

current global economic system.
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1.1 Food Quality: a multifaceted issue 
Food quality is a main determinant of consumer choices and food intake. Food quality, comprises 

many different aspects as it represents the sum of all properties and assessable attributes of a food item. In 

a foodomics1 approach, food quality includes several factors like physical, compositional and microbial 

features, modifications induced by technological processes or storage, nutritional value and safety (1). In 

the sensory science world, quality has been defined as the fitness for use (2). This definition recognizes that 

quality exists in a context or frame of reference for the consumer (2). In his book, Leitzman (3) tried to give 

a more complete definition by dividing the food quality (FQ) concept in three categories of value:  

o Suitability value: including economic value, market value, trade value, utilization value, application 

value, service value, technological value.  

o Health value: including nutritional and nutritive value, nutritional quality, safety, food value, 

biological value (e.g. concerning protein quality). 

o Sensory value: including pleasure/hedonic value, quality linked to the sensory perception.  

Moreover, other additional domains of quality like the psychological value of food, its cultural value and its 

political value are currently gaining significance (3). Due to the current critical global context of climate 

change and increasing environmental pressure, the ecological value of foods which assesses the 

consequences on the environment due to food production and food processing (3) is also gaining interest 

and according to the author is should be embedded in the concept of food quality (see dedicated box at page 

10). Some of these aspects were taken up and extended in the “Total Food Quality” (TFQ) concept proposed 

by Giusti and colleagues (2008) which is defined by the factors listed in Table 1.1. 

Table 1.1: Basic factors of the Total Food Quality concept from Giusti et al. (2008)  

Factor Composed by: 

Sensory Colour, appearance, texture, juiciness, taste, astringency and aroma 

Safety 
Presence of toxic compounds normally contained in foods, contaminants, 
mycotoxins, pathogen, and toxigenic microorganisms. 

Nutritional value 
Calories content and macronutrients composition, as well as non-nutrients with 
high biological activity, compounds from technological processes, digestibility, 
and bioavailability 

Functional properties Ease of use of several ingredients used for processing and transformation 

Service and stability 
Resistance to rapid deterioration (processing, storage, transportation, and shelf-
life conditions) 

Healthiness 
Capacity of some food components to exert beneficial effects on consumers’ 
health (e.g. probiotics, vitamins) 

Psychological Convenience, price, ease of use, novelty, psycho-active effects of food 
 

 
��Foodomics is defined as "a discipline that studies the Food and Nutrition domains through the application and integration of 
advanced -omics technologies to improve consumer's well-being, health, and knowledge" (158). Foodomics requires the 
combination of different disciplines like food chemistry, biological sciences, and data analysis.



General Introduction

1

	 9

Chapter 1 

9 

In both the concepts (FQ and TFQ) there are properties strictly related to human interpretation of 

sensory perception (subjective) and others linked to raw materials, technological processing and 

gastronomic preparations (objective) (4). The distinction between subjective and objective properties, has 

been formulated by Van Trijp and Steenkamp (5) as the intrinsic and extrinsic quality determinants of a food 

product. They state that the intrinsic quality determinants refer to physical characteristics such as taste, 

texture and shelf life and that the extrinsic factors relate to the way in which the food was produced (6). The 

latter usually has no direct influence on product characteristics, but they can be of overriding importance in 

the purchasing policy of some consumers like for example the use of pesticides or the use of genetically 

modified organisms during the production of raw ingredients (6). This multidimensional nature of quality 

and the importance of consumer’s input for food quality should be considered to ensure the success of a 

commercial food product (7). 

Today, where most of Western consumers have an ever-increasing range of foods, a great effort is 

concentrated on the goal of improving and maintain quality. If with the innovations brought by Pasteur a lot 

of focus has been put on the microbiological safety aspect of food, nowadays for monitoring and improving 

food quality in agroindustry is no longer enough to consider only legal and health related issues. The 

multidimensional aspects of quality should be taken into account. With the affirmation of sensory since in 

the 90’s, growing attention has been put on the added values related to product intrinsic properties and, in 

particular to sensory and perceived quality and how it changes across product shelf life. Establishing and 

maintaining product's inherent sensory quality during the whole product’s shelf life is a very critical task and 

technical product phase since it is the basis for future success of a market or consumer product (7). For these 

reasons, understanding and assessing the factors contributing to sensory quality across the whole food 

chain, from raw materials to consumer perception, has become essential in agroindustry to guarantee 

competitiveness.  

This thesis focuses on the aspects of food quality related to the sensory part of aroma and flavour.  
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Embedding sustainability into food quality concept: a necessary step 

Food systems are currently facing unprecedented challenges in terms of nutrition 1  and environment2. The 

transformation towards sustainable and healthy food systems has been recognized as essential for reaching many of 

the Sustainable Development Goals (SDGs) of the Agenda 20303. For a food system to be sustainable, it needs to 

provide adequate nutrition and food security while ensuring that all the conditions for these are not compromised for 

future generations4. All the stakeholders of the food supply chain should take action to facilitate this transition. Food 

scientists, together with food industries, should do their part too, since food science and technology (FS&T) are 

fundamental for the conversion of agricultural raw materials into safe and healthy food products of high quality. At 

the last EFFOST conference (33rd edition: Sustainable Food Systems – Performing by Connecting), the Global 

Challenges and the Critical Needs of Food Science and Technology report was launched, highlighting the FS&T 

essential role to adapt and find solutions to global challenges in relation to food and nutrition security. Seven missions 

were identified by the authors to locate the critical needs for future FS&T and highlighted the need for collaborative 

multidisciplinary research. For example, according to the report, there will be a greater need to promote cohesion 

between FS&T and nutrition to ensure not only low cost, convenience and palatability, but also the requirements for 

nutritional balance in diets. Moreover, food technology needs to be increasingly aware of how consumption is linked 

to economic, demographical and cultural change, and individual health requirements. This is not enough. Including in 

a more holistic way the sustainability dimension inside food quality concept is an essential step to facilitate food 

system transition. As observed, sustainability has been included in food quality as ecological value5 or as extrinsic 

value in relation to the consumer6. However, the concept of food quality cannot be related only to food and to 

consumers. We should start to relate it to the whole food system. Time has come also for FS&T and food industries 

to consider more carefully the “externalities” of our food system7 when developing a new food product. We should 

not forget that in current food system, for every US$1 spent of food, US$2 is incurred in economic, societal and 

environmental costs due to both food production and to consumption consequences8.  

The introduction of sustainability aspects into food quality will give food scientists a new framework to evaluate new 

products and technologies. This will guarantee a new tool for pushing food industry leaders to undertake a series of 

actions to better align corporate practices in the food sector with the SDGs like the development of products that 

contribute to healthy and sustainable dietary patterns, and the improvement of sustainable production practices and 

of their global supply chains9. 

References: 
1 Development Initiatives, 2017. Global Nutrition Report 2017: Nourishing the SDGs. Bristol, UK: Development Initiatives. 
2 Foley et al. (2011). Solutions for a cultivated planet. Nature, 478, 337-342.   
3 Valentini et al. (2019) Achieving the Sustainable Development Goals through Sustainabl Food Systems. Springer.  
4 Allievi F. (2017) Meat consumption as a wicked problem : evidence from data and policies meat consumption as a wicked problem. 
PhD thesis. 
5 Leitzmann C. (1993) Food Quality—Definition and a Holistic View. Safeguarding Food Quality. 
6 Linnemann et al. (2006) Consumer-driven food product development. Trends in Food Science and Technology. 
7 Carolan M. (2018). The real cost of cheap food. Routledge 
8 Ellen MacArthur Foundation (2019). Cities and circular economy for food.  
9 BCFN & SDSN (2019). Fixing the business of food. 
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1.2 Monitoring food quality: integrating sensory and instrumental 

testing

The reliability of a product sensory experience has been recognized as an important feature of 

product quality: maintaining the constancy of the sensory experience helps to build consumer confidence 

for a certain brand or product (8). For this reasons, sensory techniques should be an integral part of industrial 

programs to monitor food quality and are currently applied for product quality control (QC), for product 

development and for assessing changes during shelf life (9). 

However, there are several challenges and problems that sensory evaluation programs in agroindustry face 

due to intrinsic sensory methods limitations. Sensory traditional methods (e.g. quantitative descriptive 

analysis) are time consuming and expensive since they require the recruitment, training and tuning of a 

sensory panel which is affected by environment, physiological and psychological factors during evaluation 

(7). Even when sensory panels are correctly applied, sensory evaluation is not always compatible with the 

rapid decision time for online testing required in some steps of manufacturing processes (7). Moreover, 

considering the elevated number of samples daily received or produced by large food industries that, by 

dealing with global large supply chains may receive tons of raw material per day, is hard to think about an 

accurate sensory methodology able to test a representative number of samples, especially for QC 

applications. Finally, traditional sensory methods for QC have to deal with two sources of variability: (i) the 

measuring instrument (the panellist) which over long time periods could lead to results instability (10) and 

(ii) the product to be evaluated (8). Therefore, a flexible and comprehensive system may be desired, one 

that is applicable to different industrial tasks like testing raw materials, finished products, product 

reformulation, packaging materials, and shelf life tests (11). In this perspective, new technological 

approaches in food industry are needed to support sensory methods and to investigate perceived quality.  

Instrumental tests have a variety of advantages such as precision, accuracy, reproducibility, the 

possibility to perform continued operation without a restriction on number of samples tested and their 

convenience in terms of time and economical resources (7). In addition, instrumental measurements 

comprise measurement of discrete, well-defined physicochemical properties, whereas for sensory 

evaluation different stimuli interact at both physiological and psychological levels (10). The ideal situation 

would be to establish correlations between sensory response and instrumental measures or to predict 

sensory attributes based on instrumental measures (12). In this way, instrumental measures can support 

sensory testing, especially when a rapid turnaround is needed or in the case of products which are fatiguing 

to the senses, repetitive or involve health risk in repeated evaluations (8).�One of the most intriguing aspects 

of sensory evaluation and instrumental analysis combination in agroindustry processes and in food science 

in general, is represented by the investigation of volatile organic compounds (VOCs) since these are at the 

origin of both aroma and flavour of food products.  
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1.3 Flavour and aroma perception 

Sensory properties are fundamental in the relation between humans and food: personal dietary 

choices, conviviality and emotions are strictly related to what we perceive (13). In particular, flavour plays a 

key role in determining consumer acceptance and preferences of food products by determining their main 

organoleptic characteristics (14). Flavour perception is multidimensional and multimodal. It can be 

described, according to the sensory dictionary ISO 5492:2008 as a “complex combination of the olfactory, 

gustatory and trigeminal sensations perceived during tasting”.  

Tastes are involatile chemical stimuli that are detected by receptors on the tongue and other oral surfaces. 

They are divided in the five basic tastes: salt, sweet, sour, bitter and umami (10) at which, more recently 

have been added the taste of fat (15).  

The trigeminal response or chemesthesis is the sensation which result from the stimulation of receptors 

usually associated with thermal perception (thermoreceptors), pain (nociceptors) and touch 

(mechanoreceptors) which are primarily located in the oral, nasal and ocular mucosae (16). Among the other 

human senses, the olfactory system, has been neglected for many years but recently, thanks to the 

understanding of odour mechanisms which led to a Nobel Prize in 2004 (17) and to the recognition of its 

importance for flavour perception, it earned the right scientific attention (18). VOCs are responsible for the 

aroma and smells perceived by the sense of olfaction. When VOCs are released from food they can reach 

the olfactory epithelium by two different pathways: directly via the nostrils during direct sniffing (orthonasal 

olfaction) and via the mouth during consumption (retronasal olfaction) (19), when VOCs are released from 

the food matrix into saliva and transferred to the air phase in the oral cavity. As shown in Figure 1.1, VOCs 

are then transported in the nasal cavity via the respiratory flow, especially after swallowing, reaching the 

olfactory receptors on the olfactory bulb leading to the in-mouth aroma perception (20).  
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1.4 VOCs, a promising tool for quality control in food industry  

VOCs play a fundamental role in foods science and technology and their analysis seems a promising 

tool for monitoring industrial processes and support sensory QC in agroindustry. VOCs are constantly 

released by food products and they are key drivers of food perceived quality both before (odour), during 

(flavour and aroma) and after (aftertaste, after-flavour) food consumption. Moreover, they are produced 

and released in most stages of the food-production chain “from farm to fork” making them a crucial subject 

when dealing with traceability along the supply chain. VOCs also have a huge impact on the consumer 

sensory experience and they can be detected in a non-invasive way (13,21). Finally, measuring VOCs 

released during consumption in the nose is the most direct way to investigate the mechanisms underlying 

flavour perception (22). 

However, identifying aroma compounds in a food matrix is one of the most formidable tasks faced by an 

analytical chemist (16). First of all, more than 12 000 flavour compounds have been reported in various food 

products (23) but it is estimated that only 5%–10% of them play a significant role in the formation of specific 

aromas of food products (24). Secondly, most of the analytical methods available are usually not as sensitive 

VOCs 

Figure 1.1: The two different olfaction pathways for volatile organic compounds to reach the olfactory epithelium: 

The orthonasal route (red arrow) is used during sniffing while the retronasal route (blue arrow) allows for food 

flavours to be perceived (Source: adapted from Hummel & Seo, 2016). In the figure, examples of key VOCs of the 

food matrixes analyzed in this thesis are presented. 
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as the human nose. Thirdly, VOCs have very different concentrations in food even at extremely low 

concentrations (mg/kg or even ng/kg) distributed throughout the food matrix. VOCs usually have a high 

vapour pressure and they go into gas phase by vaporizing at 0.01 kPa at room temperature with boiling 

points between the ranges from 50°C-100°C to 240°C -260°C (25). The majority of VOCs are also relatively 

nonpolar (hydrophobic), relatively small molecules (molecular mass <400 Da) and consist of highly diverse 

chemical classes especially aldehydes, alcohols, ketones, esters, organic acids, sulphur-containing 

compounds  and heterocyclic compounds like furan-derivatives and pyrazines (26).  

The challenge of connecting VOCs composition to perception is also hampered by food matrix complexity 

(27). The release of aroma compounds from foods is determined by the partition coefficient between air 

phase, saliva and food matrix. The nature of these interactions depends on the physicochemical properties 

of flavour compounds but as well on the food components (i.e. proteins, lipids, carbohydrates) and on food 

structure (28,29). For instance, fat composition, concentrations, emulsion characteristics, texture properties 

and temperature, can significantly modify interactions between lipids and the small aroma molecules 

(30,31). Moreover, these could affect consumers oral processing behaviour during consumption which is 

known to affect flavour release and perception (32,33). Finally, as mentioned, flavour is a multimodal 

perception and the effect of different sensory dimensions contributes to complicate its understanding and 

implicates concomitance of different instrumental techniques to cover all the aspects. Therefore, measuring 

VOCs presence and concentrations in a food product may tell just one piece of the puzzle. Another 

significant portion of the puzzle, able to help unravelling the complex interaction mechanisms between 

aroma release and flavour perception during food consumption, may come from the online analysis of VOCs 

released through the retronasal pathway. 

1.5 Analytical methods for VOC analysis 

Several analytical methods, each one with its strengths and weaknesses, have been developed for 

the detection of aroma compounds (34,35) and to untangle the extreme complexity and large variation of 

VOC concentrations in food samples (36). Especially mass spectrometry (MS) developments and their 

applications in metabolomics had a significant impact for VOC analysis (37) and were used for tackling 

various food safety and quality issues. 

In metabolomics, the major distinction is made between target or untargeted approaches (38) based on the 

methodology applied and on the aim of the analysis. In untargeted analysis, the aim is to detect as many 

components as possible in an unbiased manner usually by metabolic fingerprinting or profiling approaches 

(39). On the other hand, targeted analyses rely on a priori knowledge of the class of metabolites that are 

expected to contribute to the (sensory) properties of interest (40). For detection of biomarkers often, a 

combination of untargeted analysis followed by one or several targeted analyses to capture all the 

information is needed (60). Analysis of food VOCs are performed due to several purposes like obtaining a 
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complete aroma profile (volatile fingerprint) of a sample, identifying key aroma components responsible for 

a characteristic food aroma, monitoring the volatiles release or production over time or during processing, 

detecting off-notes in a food product for quality evaluation or for food spoilage detection, finding links 

between sensory attributes and perceived aroma and checking the authenticity of aroma compounds by 

detecting if they come from synthetic or natural sources (34,41,42). Besides that, in the last years, different 

strategies have been developed to monitor aroma release in vivo during food consumption with the aim of 

better correlating aroma profiles with perceived flavour and investigating the effect of eating and 

mastication on aroma release (43). Usage proliferation of both targeted and untargeted approaches to 

investigate volatiles has resulted in the creation of the term ‘volatome’ or ‘volatilome’, which is defined as 

the comprehensive analysis of volatile compounds in any type of sample (44,45).  

Traditionally, mass spectrometry methods are applied after VOCs have been separated, usually through gas 

chromatography. However, new methods that bypass the separation stage by directly applying mass 

spectrometry have been developed to increase methods time resolution and sensitivity.  

1.5.1 | Gas Chromatography - Mass Spectrometry   

Among instrumental approaches gas chromatography-mass spectrometry (GC-MS) is the reference 

method for the analysis of food VOCs (46,47). GC-MS systems have high precision, excellent separation 

capability including distinction of both isobaric and isomeric compounds, excellent selectivity and sensitivity 

with a reachable detection limits as low as 0.1 pptv (47). However, the method suffers from a relatively low 

time resolution: the chromatographic separation on the capillary column usually ranges from minutes to 

tens of minutes. Sample preparation steps to isolate and concentrate aroma constituents are the most time-

consuming, tedious and error-prone steps of the total analytical procedure (48) which can highly affect the 

final results (49). Once VOCs have been isolated and concentrated, they are injected into a column and after 

the chromatographic separation, the molecules elute and reach a MS detector or a flame ionization detector 

(FID).  

In the last years, different developments were applied to improve different aspects of the standard GC 

technique such as shortening of analysis time by fastGC and improving the resolving power and increasing 

peak capacity by multidimensional GC (MDGC) such as comprehensive two-dimensional gas 

chromatography GCxGC. GCxGC-MS combined with a time-of flight mass spectrometer (TOF-MS) (35) 

found its application in food, fragrances, biological, environmental, and other scientific fields (50,51). 

Another development of the standard GC technique worthy to mention are the gas chromatography-

olfactometry-mass spectrometry (GC-O-MS) methods which are a combination of GC-O and GC-MS. GC-O 

combines an olfactometer – a device in which human nose is applied to detect the odour intensity of analytes 

(52) – with a GC where the analyte is separate into two equal parts: one part is sent to a detector and another 

one is sniffed by a trained person or by a panel for recognition of odour and its intensity. From its early 

invention in 1964 (53), it underwent many developments including the coupling with a mass spectrometer. 
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The GC-O-MS has many application in the food industry such as identification of key aroma-active 

compounds, cluster analysis based on the aroma-active compounds, quick mapping of VOCs, relationship 

between odorants and sensory properties, and clarification of formation mechanism of important odorants 

(54).  

1.5.2 | Direct injection methods 

GC-MS techniques, despite being the benchmark analytical methods for VOCs identification and 

quantification, are not designed to examine temporal changes of VOCs in fast processes and, even when 

using high-speed GC (55,56), the time resolution of GC-based methods is at best in the minutes range. 

Moreover, often, a sampling and pre-treatment phase introduces time averages of the concentration of the 

measured mixture (46). Because of these drawbacks, direct injection mass spectrometry (DIMS) methods 

have been developed which introduces different advantages than GC-MS due to the possibility to perform 

rapid, non-invasive, direct analysis without any or little need in terms of sample preparation and pre-

concentration. In the absence of sample preparation and separation steps, the level of the identification 

depends on the selectivity of ion chemistry (57). The very high sensitivity achieved by the state-of-the-art 

DIMS technologies, united with the ability to monitor large dynamic range of compounds and their high 

time-resolution (even sub-seconds), makes these techniques suitable for a large number of applications in 

different fields, from atmospheric and environmental chemistry to medical sciences, food and flavour 

science and industrial process monitoring  (58).  

DIMS techniques differ in sample preparation, sampling, inlet, ionization and detection (58). The most used 

DIMS methods for monitoring VOCs in food samples are atmospheric-pressure chemical ionization (APCI), 

selected ion-flow-tube mass spectrometry (SIFT-MS), proton transfer reaction mass spectrometry (PTR-

MS), electronic noses (e-nose) and electronic noses based on mass spectrometry (MS-e-noses).  

APCI was one of the first method used to monitor VOCs by DIMS and is commonly used as an ionization 

source for different MS techniques. The gentle ionization relies on gas phase ion–molecule reactions that 

take place at or near atmospheric pressure allowing for the formation of intact ions like the protonated 

molecules. Generally, multiple ion species are generated from air by using a corona discharge that react with 

the analytes and as well with the water vapor present in the sample to produce [MH+] ions from the neutral 

molecules [M] (59). APCI presents some issues like the rather complex ionization due to the presence of 

many possible ionization agents that hampers the unequivocal identification of compounds solely on the 

basis of their mass to charge ratio (m/z) values, the suppression of ionization in the source leading to non-

quantitative results and the relatively low ionization efficiency (58). Successful applications of APCI-MS for 

monitoring flavour release of food, for in vivo studies (22) and in non-targeted foodomics (60) are available 

in literature. 

SIFT-MS and PTR-MS are similar techniques that are comprised of the same three components: an ion 

generation zone, a reaction zone and a detection zone. They both rely on the principle of chemical ionization 
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(CI) of the analyte during a defined reaction time: using a known kinetic rate coefficient, k and the number 

of detected product ions to determine the initial VOCs concentration. The reaction that is considered in this 

case is a ionization reaction of the analyte A with the reagent ion R+ and is mostly a proton transfer from 

protonated water (58): 

𝐴𝐴𝐴𝐴 + 𝑅𝑅𝑅𝑅+  
𝑘𝑘𝑘𝑘
→  𝐴𝐴𝐴𝐴+ + 𝑅𝑅𝑅𝑅     Eq. 1 

𝑑𝑑𝑑𝑑[𝑅𝑅𝑅𝑅]
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑘𝑘 ∙ [𝐴𝐴𝐴𝐴] ∙ [𝑅𝑅𝑅𝑅+]      Eq. 2 

There are two main differences between the two instruments: they differ in the way reagent ions are 

generated and the portion where the analyte reacts with the ions, namely the drift tube for PTR-MS and the 

flow-tube for SIFT-MS (61). For the ion source a hollow cathode discharge on water vapor generates H3O+ 

ions in PTR-MS (62) while a microwave or electron-impact ion source is utilized on wet air plasma in SIFT-

MS (63), generating different ionization agents (i.e. H3O+, O2
+ and NO+ for positive mode and O-, O2

-, OH- 

and NO2
- for negative mode) which can then be pre-selected through a quadrupole mass filter. Since the 

three reagent ions react differently with the analyte and may form different association and fragmentation 

products, more structural information can be obtained but the efficiency of creating the reagent ions is lower 

than for PTR-MS, leading generally to higher limits of detection (LOD) for SIFT-MS (61). Moreover, due to 

the usage of a quadrupole as mass analyser, the SIFT-MS is usually less rapid than PTR-MS which has been 

coupled to a time of flight (ToF) detector (64) and with an additional quadrupole ion guide (65). Finally, no 

electric filed is employed in SIFT-MS which makes possible to carry out ion-molecule reactions under 

thermal and controlled conditions (63) to have more precise determination of the ion-molecule reaction rate 

coefficients for quantitative analysis. More detailed comparison of the two techniques can be found in 

different reviews (66,67).  

E-noses consist of an array of electronic chemical sensors with an integrated pattern recognition system (68) 

which are designed to mimic the human olfactory system. The output of unspecific sensors can be used to 

build models to classify products or processes, by means of chemometrics or data mining (69). In MS-e-

noses, VOCs are introduced into the ionization chamber of a MS instrument (usually a quadrupole mass 

spectrometer) without prior chromatographic separation and each fragment ion (m/z ratio) of the mass 

spectrum obtained acts as a “sensor” and its abundance is equivalent to the sensor signal (70). The output 

of MS-e-nose is a fingerprint of the sample, meaning that the technique cannot identify specific VOCs. With 

the existing pattern recognition system it is possible to recognize simple or complex odours (59) but the 

degree of fragmentation has to be taken into account for data interpretation. The application of MS-e-noses 

for monitoring food quality has been explored in many different food matrixes (70,71).  

Other DIMS techniques used for food analysis are the ion-mobility spectrometry-mass spectrometry (IMS-

MS) and the many ambient mass spectrometry (AMS) methods that have been recently implemented 



Chapter 1

18	

General Introduction 
 

18  

(72,73) like the direct analysis in real time mass spectrometry (DART-MS) (74). These methods will not be 

further discussed in this thesis, which will explore application of PTR-MS for the rapid, direct and high 

throughput analysis of volatile compounds in the headspace of different food products and for monitoring 

in vivo flavour release. The following sections will present a detailed description about the utilized 

methodology and its applications for both food quality and in vivo flavour release by nose-space analysis.  

1.6 Proton Transfer Reaction Mass Spectrometry 

PTR-MS was developed in 1995 by W. Lindinger and his team at the University of Innsbruck for the 

analysis of volatile organic traces in ambient air (62,75,76). PTR-MS became successful due to its soft 

ionization which allows to reduce fragmentation and to observe the molecular ion of a compound of 

interest. The first PTR-MS instrument was commercialized in 1998 by Ionicon Analytik GmbH which is in 

Innsbruck, Austria. Other PTR-MS producing companies are KORE Technology Ltd. located in Ely, UK and 

TOFWERK AG which recently started to produce PTR-MS like instrument (Vocus) in Thun, Switzerland. 

As the other DIMS methods, PTR-MS allows the analysis of volatiles without any pre-treatment in real-time 

and with high sensitivity. The technique is based on ionization of VOCs by means of protonated water, 

hydronium ions (H3O+). The proton transfer from the hydronium ions is exothermic when the proton 

affinities of the targeted VOCs are higher than the one of water. This is very advantageous since common 

constituents of air, such as N2, O2, CO2 and inorganic species have low proton affinities and do not undergo 

proton transfer reaction. On the other hand, most of VOCs responsible for aroma in food have higher proton 

affinities than that of protonated water molecules and undergo very selective non-dissociative proton 

transfer reaction that proceed at a collision-limited rate (77).  

Usually PTR-MS consists of mainly three parts: an ion source, a reaction region and a mass analyser as it is 

shown in Figure 1.2. Briefly, VOCs under investigation are injected in the drift tube by a continuous flow of 

air where are ionized by proton transfer from H3O+ ions produced by the ion source. VOCs are then separated 

and detected by a suitable mass analyser. 
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Figure 1.2: Schematic drawing of the Ionicon PTR-ToF-MS instrument from Jordan et al. (2009) 

1.6.1 | Ion source: H3O+ and the Selective Reagent Ionization system  

In most PTR-MS apparatus, the first part is constituted by a hollow-cathode ion source that usually 

produces a H3O+ primary-ion beam by discharging on water vapor which is injected into the ion source region 

(75). The discharge is very fast and most of the ions produced react in cascades of reactions which brings to 

the formation of high purity H3O+ primary ions (> 99.5%) that can then be injected directly into the reaction 

chamber without prior mass selection (62). This simplifies system realization and allows for better 

sensitivity.  

Other primary parent ions can also be used. Some years ago, the selective reagent ionization (SRI) system 

was released, which allows for rapid switching of the primary parent ions like NO+, O2
+ Kr+ and Xe+ (64). In 

this case, the reagent ions are produced by using O2, charcoal filtered air (or, alternatively, pure N2 and O2 

flows) and Kr and Xe+ as reagent gases in the ion source, respectively. This system allows to measure 

compounds with a proton affinity higher than water (i.e. some alkanes) and in general leads to a better 

compound identification by separating isobaric compounds such as isobaric aldehyde and ketone pairs 

(58,77,78). 

1.6.2 | Drift tube and the proton transfer reactions 

The second part of a PTR-MS apparatus is the drift region, where parent ions and analytes are mixed 

and proton transfer reactions can occur via collision. The charged compounds are driven by an electric field 

and are carried by a buffer gas, such as air. Proton transfer reactions are controlled by the reduced electric 

filed, E/N value, where E is the electric field across the drift tube and N is the gas number density (number 

of gas particles per unit volume). This value should be chosen carefully to balance between giving sufficient 

energy to the collisions between ions and neutral molecules to break up any ion clusters that might be 
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formed and avoiding excessive fragmentation of analyte molecular ions (77) that happens at high E/N rations 

due to the more energetic collision. This, is normally achieved by employing an E/N between 100 and 140 Td 

(Townsend, 1 Td =10-17 V cm2) since excessive production of H3O+ (H2O)n clusters may affect the 

quantification: these clusters have different interactions with certain VOCs when compared with H3O+ 

interaction chemistry (79). As show in equation 3, drift pressure, temperature and length (usually around 10 

cm) are fundamental parameters that should be controlled to provide a fixed reaction time for the ions as 

they pass along the tube: this time can be measured, or it can be calculated from ion transport properties.

    

𝐸𝐸𝐸𝐸 𝑁𝑁𝑁𝑁⁄ =  𝑈𝑈𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐿𝐿𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

× 𝑅𝑅𝑅𝑅 × 𝑇𝑇𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑁𝑁𝑁𝑁𝐴𝐴𝐴𝐴×𝑃𝑃𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

    Eq. 3 

Where R is the gas constant and NA the Avogadro constant. A controlled high temperature was shown to 

improve response time of the instrument by also reducing the so-called memory effect where molecules are 

adsorbed and slowly released by the surfaces of the gas inlet line and of the drift tube (77,80).  

Taking the drift tube as a chemical reactor, VOCs perform many non-reactive collisions with buffer gas 

atoms and molecules, but only when they collide with the reactants, the proton transfer reaction can occur 

(if energetically allowed) through a dissociative (fragmentation) or non-dissociative way. In most of the 

cases, VOCs undergo a fast (collisional rate) non-dissociative reaction with the H3O+ donating the proton as 

described in Eq. 1. However, some molecules like all C3 and higher alcohols, some aldehydes and esters 

possess a tendency to undergo a dehydration or protonation reaction (77). If the analyte molecules are 

present in trace amounts, we can assume that the proton donor concentration is largely unchanged by the 

addition of the analyte sample ([VOCH+] << [H3O+]). Therefore, it is possible to calculate the concentration 

of reagents from the ions signal ratio according to the principles of chemical kinetics (62):

𝐶𝐶𝐶𝐶 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = 1
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ [𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉+]

[𝑉𝑉𝑉𝑉3𝑉𝑉𝑉𝑉+] ∙ 1
𝑁𝑁𝑁𝑁 ∙ 109     Eq. 4 

where C is the concentration reported in ppbv, k is the reaction rate constant for a given molecule (s-1cm3), t 

is the ion travel time in the drift tube (~100 μs) which can be calculated from the drift tube parameters, 

[VOCH+] and [H3O+] indicate the measured counts per second (cps) and N is the gas density in the drift tube 

(molecules/cm3). To obtain the precise VOC quantification without any additional calibration, the reactions 

should occur under well-defined and controlled conditions since the equation parameters, together with the 

previously drift tube parameters mentioned (i.e. E/N, temperature, pressure) play an important role in 

chemical reactions. Usually, in food applications, an experimental k value is not available for every 

compound and a constant reaction rate coefficient (kR=2x10-9 cm3/s) is used for calculations. This can 

introduce a systematic error for the absolute concentration of each compound which is below 30% in most 

of the cases and can be accounted for when the actual reaction rate constant is not available (81).  
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When other primary ions then H3O+ are used as ionization agents, different chemical ionization 

processes take place. In this thesis we will consider the case of O2
+ and NO+. When O2

+ is used the reactions 

occur as given in Eq. 5-6 via charge transfer: 

Non-dissociative:     𝑂𝑂𝑂𝑂2
+ + 𝐴𝐴𝐴𝐴 →  𝐴𝐴𝐴𝐴+ + 𝑂𝑂𝑂𝑂2      Eq. 5 

Dissociative:      𝑂𝑂𝑂𝑂2
+ + 𝐴𝐴𝐴𝐴 →  𝐵𝐵𝐵𝐵+ + 𝐹𝐹𝐹𝐹 + 𝑂𝑂𝑂𝑂2    Eq.  6  

Where B and F represent two different fragments of the initial molecule A. Due to the amount of excess 

energy on charge transfer, there is a strong tendency for dissociative reactions and therefore, O2
+ has a 

limited application in food quality control such as monitoring of hydrocarbons contaminants. The case of 

NO+ as primary ion for food application, may be more interesting due to the possibility to separate isomers 

like aldehydes and ketones. VOCs may undergo different reactions with NO+ such as charge transfer 

producing M+ ions, hydride (H-) or hydroxide (OH-) ion transfer producing (M – H) + and (M – OH) + ions and 

ion-molecule association as shown by many studies conducted by using SIFT-MS methods (82,83). 

Aldehydes usually react by hydride abstraction, forming mass (m-1) ions while ketones cluster with NO+ 

forming mass (m +30) ions as shown in Eq. 7-8:  

Aldehyde reaction:    𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂+ + 𝐴𝐴𝐴𝐴 → [𝐴𝐴𝐴𝐴 − 𝑋𝑋𝑋𝑋]+ +  𝑋𝑋𝑋𝑋𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁   Eq. 7 

Ketone reaction:    𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂+ + 𝐴𝐴𝐴𝐴 →  𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁+     Eq. 8  

Where, X represents the abstracted ion (H- or OH-). Once VOCs react with the primary ion and they acquire 

a charge, their generated fragments are transported to the last portion of PTR-MS instrument, the mass 

analyser.  

1.6.3 |The mass analyser and the injection region 

The third part of a PTR-MS instrument is an ion detection system or a mass analyser as show in 

Figure 1.2. Its main aim is to separate ions according to their m/z which is the mass number of an ion m, 

divided by its charge number, z which in PTR-MS is always equal to one. Different type of mass analysers 

have been used in combination with PTR-MS, each one with its own mass resolution, sensitivity, response 

time, transmission and dynamic range. The traditional mass analyser was a quadrupole but the ones used 

for the studies in this thesis are the time-of-flight (ToF) and the ToF in combination with a quadrupole 

interface (Qi).   

The essential principle of a ToF mass spectrometer is that ions moving in the same direction and having a 

distribution of masses but a (more-or-less) constant kinetic energy, will have a corresponding distribution 

of velocities in which velocity is inversely proportional to the square root of m/z (84,85). Ions are extracted 

from the drift tube in pulses and they are separated according to their flight times under the influence of an 

electric field. Ions of different mass will arrive at the detector sequentially and in principle it is possible to 
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detect all of them. Compared to the quadrupole version, the ToF analyser eliminated the necessity to select 

a subset of ions to be monitored by allowing to obtain a whole mass spectrum of complex trace gas mixtures 

in a short time (a second or even less) and, thanks to its improved mass resolution (103 – 105), allows the 

separation of most nominally isobaric ions (64). As well, the PTR-ToF-MS instrument has a very low 

detection limit (1 ppbv for 1 min integration time) and high sensitivity.  

Another component that should be considered is the lens system that connects the drift tube to the mass 

analyser. One factor that critically limits the detection sensitivity, derives from the fact that most ions 

traversing the drift tube do not pass through the small exit aperture at the end of the drift tube and so, a 

large quantity of ion signal is wasted. This loss of ions was partially mitigated by the introduction of a radio 

frequency ion funnel (RF) at the end of the drift tube portion, which, by focusing radially the ion beam was 

shown to increase detection sensitivity for VOCs between 1 and 2 orders of magnitudes (86,87). More 

recently, the introduction of a “Quadrupole interface” (Qi), in combination with a ToF analyser was 

presented by Ionicon (65). This new interface in the injection region, in combination with a higher drift tube 

pressure in the instrument, greatly improved the ToF mass resolution by approximately 30% through a more 

effective transfer of ions from the drift tube to the ToF analyser.  

1.6.4 |Data managing 

PTR-ToF-MS data are very complex datasets. The high mass resolution provided by the technique, 

united with the spectra fast acquisition rate (approx. 1 spectrum per second), results in production of many 

complex mass spectrum that preserve analytical information of hundreds of mass peaks varying in 

intensities (88). To manage all these information, for improving mass accuracy and for quantification of 

mass peaks concentrations advanced methodologies are required (89,90). A three-step approach was 

described by Cappellin et al. (2011) and summarized in Figure 1.3 to properly extract and analyse PTR-MS 

data: spectra analysis, multivariate analysis and data mining, and analytical information.  

For the spectra analysis pillar, different specific software have been developed. In this thesis, the TOFOffice 

software (Foundation Edmund Mach, San Michele all’ Adige, Italy) was employed to elaborate the data 

obtained from both PTR-ToF-MS and PTR-QiToF-MS for the steps from external calibration till peak 

extraction. While internal mass-scale calibration during the measurement is performed to facilitate online 

monitoring, external mass-scale calibration is made for spectra alignment. Both are based on the usage of 

compounds which are constantly present during the measurement such as primary ions, other peaks 

belonging to impurities of the machine (H3O+, O2
+, NO+, acetone) and as well 1,3-Diiodobenzene (C6H4I2) and 

its fragments (typically as m/z 330.848 and m/z 203.946 for its fragment in H3O+ mode and as m/z 329.840 in 

both O2
+ and NO+). This compound is continually injected into the drift tube through the PerMaSCAl device 

(Ionicon Analytik GmbH, Innsbruck, Austria). After this step, dead time correction, noise reduction and 

baseline removal are applied by the software to improve data quality. 
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Figure 1.3: Example of experimental flow of a PTR-MS experiment adapted from Cappellin et al. (2011) 

Peaks are then identified in a semi-automated way by considering peak shapes and width and by employing 

Gaussian functions to fit the mass spectrometric peaks (90) and to extract data in counts per second (cps). 

For quantitative analyses, by using Equation 3 the so-called volume mixing ratio (VMR), expressed in parts 

per billion by volume, can be determined. VMR is the same inside of the drift tube as it is outside and is 

temperature independent. However, it is common to refer to VMR as a concentration and so in this work we 

will refer to the VMR as concentration (77). 

Once data are extracted they can be analysed through data mining and a variety of uni or multivariate data 

analysis methods based on the experiment purpose. Different examples have been reported for supporting 

the utility and effectiveness of coupling PTR-ToF-MS with multivariate and data mining methods in fruit 

metabolomics (91) and for a reliable and fast characterization of agroindustry products (92). 

1.7 PTR-MS applications for monitoring and understanding factors 

shaping food quality  

PTR-MS technology was described ‘as an accurate, highly sensitive, DIMS technique that allow for 

the rapid characterization of food products and for the monitoring of processes in food science and 

technology and agroindustry, without any pre-treatment’ (21) that briefly summarize the technique benefits 
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for investigating VOCs in food and drinks. However, the difficulties to exactly associate a m/z signal to a 

molecule should be kept in mind. Despite the potential of using fragmentation ion patterns (93,94) and NO+ 

as reagent ion to discriminate some isobaric and isomeric compounds, the real advantage of PTR-MS in food 

science is not VOCs identification but its real-time and non-invasive monitoring and fingerprinting 

potentialities. Two main distinctions should be made when referring to its application: headspace (HS) 

analysis and on-line analysis summarized in Figure 1.4. 

 

Figure 1.4: Applications of PTR-MS in food science. The numbers indicate the thesis chapter that explore the 

relative application. 

1.7.1 | Headspace analysis

HS analysis are usually associated to the fingerprint concept of MS e-noses where an informative 

full scan of the whole mass spectra is generated (79) and, with the appropriate statistical analysis, is possible 

to classify food samples based on quality standards, origin, genetics or others (21). HS PTR-MS fingerprints 

were applied to monitor food VOCs evolution as a function of time (e.g. shelf life, ageing, post-harvest 

storage, ripening and fermentation), as a function of ingredients reformulations (e.g. change of ingredient, 

change of concentrations), for classification challenges (e.g. geographical origin, cultivar, food type) and for 

quality control (e.g. freshness, adulteration, quality classification). Some of the most recent PTR-MS 

applications are in saffron quality control (95), for evaluating shelf life of poultry meat (96), for evaluating 

botanical and geographical origins of both cocoa (97) and coffee beans (98,99), for assessing VOCs produced 

by three commercial bakery starter cultures (100) and to quantify phenolic compounds in a selection of Islay 

whiskies in comparison to non-peaty whiskies (101).  

  2 
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Different works also tried to correlate PTR-MS fingerprints with other type of data, in particular with sensory 

data. As aforementioned, the possibility to correlate instrumental and sensory analysis has huge potentials 

in agroindustry quality control programs. The first pioneer work compared the classifications of seven 

varieties of Italian mozzarella cheese made with classical sensory analysis with VOC headspace analysis by 

a quadrupole PTR-MS (102). The two methods achieved comparable sample description (102). The same 

group investigated changes in red orange juice after different types of stabilizing treatments and, in this 

case, PTR-MS had a greater accuracy in discriminating samples than the sensory panel (103). More recent 

works assessed PTR-ToF-MS potentiality to predict aroma-based sensory categories of 206 dark chocolates 

classified into four sensory poles by a quantitative descriptive analysis from a trained panel (104), to 

investigate aroma and sensory profiles of 43 commercial cultivars of peaches (Prunus persica L. Batsch.) of 

two consecutive harvest years (105), to compare VOCs and sensory analysis of three pears cultivars by also 

identifying cultivar specific volatile markers with a influence on consumers liking levels (106) and to 

investigate the relationship between sensory characteristics and PTR-ToF-MS spectra of 24 virgin olive oils 

with different cultivar, geographical location and harvesting time (107). 

1.7.2 | On-line analysis

This is the application that takes most advantage of the high time resolution and sensitivity of the 

technique, which allows to follow in real time VOCs release. As highlighted by Figure 1.4, when it comes to 

on-line analysis a distinction should be made between process monitoring and in vivo analysis (21), that can 

be further divided in breath and nose-space analysis.  

1.7.2.1 Process monitoring�

PTR-MS was successfully applied to monitor different processes related to food quality and 

interesting to food industry. The first works in this direction followed VOCs released during coffee 

preparation from beans roasting to the cup of coffee (108,109) and PTR-ToF-MS is still applied in coffee 

aroma researches (110). Changes in metabolic and catabolic pathways during storage were also monitored 

through PTR-MS in meat to detect spoilage (111,112), in fruits for following ripening and spoilage (113,114) 

and in dairy products for assessing VOCs production upon exposure to light (115). PTR-MS was also exploited 

to follow the formation of different compounds during food processing as Maillard reactions (116), 

formation of acrylamide (117) and furan (118) and to monitoring lactic acid fermentation of milk (119).  

1.7.2.2 In vivo aroma release: combining instrumental and sensory measurements 

Aroma perception is a dynamic process where the intensity and profile of VOCs evolve with time. 

Measuring aroma release in the nose, combined with other approaches, is the most direct way to investigate 

the mechanisms underlying flavour perception (43). However, monitoring aroma release in vivo presents 
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many issues, brilliantly summarized by Taylor & Linforth (2010b). They argue that a suitable technique needs 

to be able to: 

o have an extremely rapid sampling time of about 20-100 milliseconds per data point to follow human 

breath; 

o analyse a wide variety of compounds at low concentrations by at the same time managing interfering 

factors introduced by human breath as air gases and water vapor;  

o have a wide high sensitivity range (across 6 orders of magnitude). 

PTR-ToF-MS possess these characteristics with a sensitivity that is often in the range of the one of human 

nose. This makes the technique suitable for in vivo, breath-by-breath monitoring of flavour compounds 

during food consumption. In vivo aroma release is a complex process, influenced by many different factors 

like food and aroma compound properties, chemical interactions that occur within food, between aroma 

compounds, between food and saliva and the transmission through the retronasal pathway. As well, the 

eating process (e.g. mastication, swallowing) and individual characteristics (e.g. biological and 

psychological) of the human subject can greatly affect aroma release and perception. The PTR-MS 

technique can be used to collect information on individuals and on the factors affecting flavour release and 

food metabolism (21), all key elements that can help agroindustry to formulate successful food products. 

The first reported cases of PTR-MS application for in vivo analysis were breath analysis by the group of 

Lindinger. Methanol and ethanol in human breath were followed after consumption of alcoholic drinks or 

fruits (120,121) while few years later, acetone and volatile sulphur compounds in human breath were 

monitored for 32 hours after the ingestion of raw garlic (122). These first pioneering works opened the doors 

at PTR-MS breath analysis for both medical researches and characterization of human and food 

metabolism. PTR-MS has been employed to investigate exhaled concentrations of isoprene, methanol, 

volatile anaesthetics and potential breath biomarkers for a range of diseases including respiratory 

inflammatory conditions and tumours (123–125). Moreover, the technique was used to assess demographic 

and physiological effects on endogenous breath compounds like the effect of age, gender and BMI on 

exhaled acetone and isoprene (126,127). The proliferation of international researches in breath analysis has 

resulted in a range of different breath sampling and analytical techniques which made comparison and 

assimilation of research difficult, and likely contributes to the current lack of replication of research findings 

(128). For this reason an agenda for methods standardization in breath research has been recently set up 

(129). 

The other approach to in vivo analysis, is the so-called nose-space analysis which consists of sampling 

exhaled breath through the nose via a non-invasive nosepiece of different materials from glass to Teflon 

which allows panellists to consume food and beverages (130). The impact of the aforementioned factors on 

aroma release and perception have been investigated by applying PTR-MS nose-space analysis as 
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highlighted in Figure 1.4. A main distinction is made when the focus is on characterizing the product or on 

the human subjects.  

For product characterization a wide variety of food systems have been analysed by nose-space PTR-MS. 

These experiments greatly contributed to our knowledge on how food properties, like food texture, 

structure, viscosity and fat content affect aroma release (131–133). Moreover, Heenan et al (2012) described 

the impact of sugar concentration on aroma release of different VOCs of flavoured cereal bars, while Ting 

et al. (2012) investigated the relation between in vivo aroma release and textural and physicochemical 

parameters of apples. For a profound understanding of food flavour, the dynamic process of aroma release 

must be matched by the dynamic process of flavour perception (136). For this reason, in the last years, PTR-

MS has been extensively combined with sensory dynamic methods which are likely to produce more valid 

results than static methods (137). The first dynamic sensory method applied in combination with nose-space 

measurements was time intensity (TI). The method is based on measuring the intensity of a sensation in 

relation to the time of its perception (138) through which is possible to obtain detailed information on 

dynamic evolution of the sensory attribute under investigation (8). These information is especially important 

when studying products with a distinctive time profile like chewing gums. The TI methodology has been 

applied extensively on this matrix, as testified by the high number of researches available in literature (139–

142). Different variations of TI method were also proposed like the dual-attribute TI, where two attributes 

are monitored at the same time in slowly changing products (143,144) and Discrete TI where panellists are 

asked for repeated rating of single or few attributes at discrete time points (8,145,146). TI coupled to PTR-

MS has also helped to understand the effect of fat reduction on aroma flavour and perception (147) and the 

influence of CO2 and sugar concentrations in flavoured carbonated drinks (148).  

Recently, another dynamic sensory method was coupled to nose-space analysis, the temporal dominance 

of sensation (TDS). TDS describes the temporal evolution of different sensations developed during 

consumption where trained panellists are asked to choose the attribute which dominates their perception 

(the attribute that catches consumer attention) among a pre-defined list of attributes (maximum 10) (149).  

While real products are tested when the focus is in understanding food properties effect on flavour 

perception and release, model food systems are usually employed when the aim is to characterize 

consumer and the factors affecting flavour release. Early in vivo nose-space experiments demonstrated a 

great inter-individual variability (150–152). The causes of this variability are manifold and have not been fully 

understood due to the complexity of in-mouth mechanisms (153). Peripheral factors like salivary flow, saliva 

composition in terms of proteins, peptides and microbiota (154), breathing rates, absorption of aroma 

compounds by the pharyngeal mucosa and oral processing including chewing, swallowing, eating rates and 

tongue movements play an important role in retronasal flavour release and perception (29,153,155). Some 

of these physiological factors are also correlated to demographic elements like gender and age (156,157). 
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PTR-MS nose-space measurements can then help understanding the mechanisms and the influence of these 

peripheral factors in flavour release.   

1.8 Rational and thesis outline 

The challenge of delivering to consumers food products that are safe, cheap and with excellent 

sensory qualities has shaped Western (largely unsustainable) food systems. Despite PTR-MS technique has 

been widely used in food science (Figure 1.4), only a very limited number of food companies implemented 

this technology in their plants and use it mostly for R&D purposes. This thesis therefore, focuses on the 

aspects of food quality related to the flavour and aroma sensory part by exploring different applications of 

PTR-MS along the food chain and throughout consumption (Figure 1.5).  

In the first chapters (Chapter 2-5), we explored the suitability of headspace PTR-MS measurement to 

monitor raw materials quality life in a real industrial scenario in terms of sample numerosity and variability 

through headspace analysis. PTR-ToF-MS technique suitability, together with some recent 

implementations like SRI and RF, were investigated for different applications in agroindustry. The 

experiments in Chapter 2 and 3 were performed on anhydrous milk fat, a dairy product widely used in 

confectionary industry,  Chapter 4 investigated ultrahigh-temperature lactose-free milk, and Chapter 5 

investigated raw hazelnuts. In these first chapters, the quality of these ingredients was screened by 

obtaining their VOCs fingerprints, after which they were correlated with industrial quality control sensory 

data. More specifically, Chapter 2 assess the impact of two type of packaging on aroma changes during shelf 

life at both refrigerated temperature (up to 240 days) and thermal treatment (50ºC up to 11 days). Chapter 

3 introduces the sensory aspect. Three quality categories of anhydrous milk fat obtained from industrial 

sensory analysis were predicted based on data mining of PTR/SRI-ToF-MS fingerprints. In Chapter 4, PTR-

ToF-MS and GS-MS were used to get insights on the phenomena occurring during shelf life at 20ºC of 

ultrahigh-temperature lactose-free milk. Changes in VOCs profile over a 150 days period, were evaluated by 

considering milk batch-to-batch variability and different commercial lactase preparations. Chapter 5 

continues the investigation into quality control of raw materials by focusing on raw hazelnuts. In this case 

three different experiments tested the method ability to classify samples with different sensory values and 

to detect quality biomarkers in hazelnuts with visual defects and with sensory defects. Technique sensitivity 

in detecting sample defects when simulating industrial lots variability was also explored.   

In case of food quality throughout consumption, Chapter 6 and 7 explore in-vivo PTR-QiToF-MS 

appropriateness when being simultaneously coupled with dynamic sensory methods. The experiment in 

Chapter 6 was designed to unravel the mechanisms by which single foods affect the sensory properties of 

composite foods. In-nose aroma release and dynamic aroma intensity perception were assessed 

simultaneously for mayonnaises without and with different carrier foods (bread, cooked potato) varying in 

hardness (soft, hard). Chapter 7 assesses the influence of consumer characteristics (gender, ethnicity and 
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physiological parameters) on flavour release and perception of a model food like mint chewing gum. 

Collecting information on how consumers and products characteristics affect aroma perception and release 

can play an important role for product reformulation and for the new emerging field of personalized product 

design and nutrition. 

Finally, Chapter 8, provides a general, discussion of all studies and reflects on potentials and pitfalls related 

to PTR-MS application in agroindustry. Methodological considerations for both HS and nose-space analysis, 

suggestions for future research and main conclusions are also provided. 
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Abstract  

In this study, proton transfer reaction mass spectrometry (PTR-MS), coupled with a time-of-flight 

mass analyser and a multipurpose automatic sampler, was evaluated as a rapid and non-destructive tool for 

the quality control (QC) of anhydrous milk fat (AMF). AMFs packed in cardboard and bag-in-box were 

compared during refrigerated shelf-life at 4°C for 9 months. AMF samples were taken at 120, 180 and 240 

days and measured by PTR-MS during storage at 50°C for 11 days. Univariate and multivariate data analysis 

were performed to classify samples according to the packaging type and to compare aromatic profiles.  

Markers related to both packaging and storage duration were identified and all stored samples were clearly 

distinguishable from reference fresh samples. Significant differences in some key butter aroma compounds 

such as 2-pentanone, 2-heptanone, 2/3-methylbutanal, acetoin, and butanoic acid were observed between 

different types of packaging. During the refrigerated storage, differences related to packaging are more 

evident, while during the storage at 50°C, the fat oxidation induced by the high temperature becomes the 

most relevant phenomenon independently of the packaging type. These results indicate the importance of 

avoiding AMF storage at 50°C for long times during industrial production processes. All together the data 

demonstrated the viability of PTR-MS as a rapid and high sensitivity tool in agroindustry quality control 

program. 

 

Keywords: PTR-MS, VOCs, anhydrous milk fat, shelf life, industrial quality control, packaging 
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2.1 Introduction 

Anhydrous milk fat (AMF) is an important industrial raw material composed by a complex mixture 

of triacylglycerols that should contain at least 99.8% dairy fat obtained by eliminating water and non-fat dry 

matter. Water elimination makes this product easier to transport, more stable and with a longer shelf life 

when compared to butter. Therefore, AMF is an ingredient of choice for pastry, confectionery, and ice-

cream industries. As for all milk fats, oxidative rancidity is one of the major factors limiting AMF shelf-life (1, 

2) by causing major changes in quality parameters (3, 4). Peroxidation of the lipid fraction leads to the 

formation of secondary oxidation products, especially aldehydes, which affects consumer acceptability and 

reduces product shelf-life (5, 6). 

Food industries are constantly looking for flexible, fast and reliable methodologies to monitor the quality of 

their product by focusing on flavour and aroma (7). A quality control based on volatile organic compounds 

(VOCs) monitoring has the advantages of being non-invasive and relevant for consumer acceptance. In fact, 

VOCs profile is directly linked with perceived food quality at every stage of consumption (8). Extensive 

research has been focused on detecting, quantifying and characterizing the different flavours and off-

flavours originating from dairy fat ingredients: the aroma constituent of butter and AMF have been under 

investigation for more than seven decades leading to the identification of more than 230 VOCs (9). 

In the last years, different direct injection mass spectrometry (MS) technologies have been used to 

investigate VOCs. Among these technologies, proton transfer reaction mass spectrometry (PTR-MS) is an 

accurate, highly sensitive and non-destructive technique suitable for a rapid characterization of food 

products and for monitoring processes in agroindustry without any pre-treatment (8). It is based on an 

efficient implementation of chemical ionization by proton transfer (10). The gas mixture under investigation 

is continuously injected in the reaction region – the drift tube – where the VOCs are ionized by proton 

transfer from H3O+ ions produced by the hollow cathode ion source. The generated ions are then analysed 

according to their mass/charge ratio (m/z) using a time-of-flight (ToF) mass analyser which provides high 

mass resolution (up to 5000 m/Δm) and a broad mass range (11). The outcome is a rapid mass-resolved 

fingerprint of the total “volatilome” of the samples with ultra-high sensitivity (ppb) which can be of great 

interest for different applications supporting industrial quality control programs.   

PTR-MS analysis has been used by Van Ruth et al. (12, 13) to classify butter oils and to verify the geographical 

origin of European butters in terms of headspace volatile composition. The method was deemed as a 

promising approach for control of regulations and quality. These pioneering researches were based on the 

first version of PTR-MS, which was equipped with a quadrupole mass analyser providing only the nominal 

mass-to-charge ratio of the ions. The introduction of a ToF mass analyser performed by Jordan et al. in 2009 

(11) improved the mass resolution leading to a better separation and identification of butter key aroma 

compounds. Makhoul et al. (14) explored the potential of PTR-ToF-MS analysis for the classification of three 
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different AMFs samples based on VOC samples’ profiles and sensory evaluation. However, this proof of 

concept on a reduced dataset did not allow reaching a clear indication on PTR-MS applicability for industrial 

quality control. 

Other different approaches have been previously applied to investigate both butter and AMF VOCs upon 

storage and oxidation. Krause et al. (15) characterized the effect of refrigerated (5°C) and frozen (-20°C) 

storage over a year on the physical and sensory properties of butter. Optimum quality for butter stored as 

bulk at refrigerated storage was found to be stable up to 9 months, while when frozen at −20°C, it could be 

stored for up to 18 months. In a similar study, Lozano et al. (16) by combining GC-olfactometry and GC-MS,  

studied the effect of long-term storage (0, 6, 12 months) on VOCs and sensory properties on salted butter 

under refrigerated (4 °C) and frozen (-20 °C) storage. The effect of wrapping materials on butter shelf life 

was also compared: foil packaging significantly improved refrigerated and frozen flavour stability of salted 

butter compared with parchment paper (16). The effect of packaging on milk fat storage stability and aroma 

influence was also investigated by Tomlinson and Dixon (17) that confirmed polyethylene films as the best 

protection against surface oxidation, providing the best freeze-thaw stability. Widder et al. (18), used the 

aroma extraction dilution analysis approach and the dilution factor calculation for investigating the key VOC 

profile of butter oil during a storage of 42 days at room temperature. The study detected 19 odour 

compounds as the constituents of the volatile fraction from fresh butter oil (diacetyl, butyric acid, skatole 

and δ-decalactone as examples of the most relevant ones).  

Nowadays, in industry, AMF is usually refrigerated and stored after wrapping in plastic films and putting in 

cardboard packages (CT) of about 25 kg or inserted in the so-called bag-in-box (BIB) containers. Different 

layers of polyethylene and metallized polyester (Met. PET) compose bag-in-box material that is hermetically 

sealed and is significant more expensive than CT packages.  As mentioned, in food industry AMF is mainly 

used for recombination of various dairy and confectionary products. For this purpose AMF is usually melted 

in tanks at 50°C and used as liquid form because is easy to mix with other products (4). Before being used a 

variable amount of time (days) can pass where AMF is kept at this temperature. Investigating AMF VOCs 

changes at this temperature can be of primary interest both to highlight the development of sensorial 

defects in the matrix and to get insights into oxidative rancidity which is heavily affected by temperature 

(19).   

To our knowledge, despite the relevant effect of AMF packaging and storage conditions on product quality, 

no previous studies comparing the effects of BIB and CT packaging on AMF quality have been published. 

Moreover, even if PTR-MS has already been used to classify different AMF samples, the technique has not 

been applied to monitor how packaging and storage time in practical industrial conditions can affect AMF 

VOCs release.  
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 In this work, we evaluate a rapid and innovative approach by using PTR-ToF-MS coupled to a multipurpose 

automatic sampler as tool for AMF industrial quality control and study the effect of storage time and 

temperature on AMF volatile compound profile.   

2.2 Material and Methods 

2.2.1 | Anhydrous milk fat samples and packaging 

Three AMF production batches (indicated as 321, 322 and 323) from the same production facility 

were sampled in different days to evaluate production variability. All batches were produced from 

pasteurized sweet cream with 35-40% fat content. AMF was produced by applying the standard method in 

continuous flow directly from the cream according to a procedure described elsewhere (4). Immediately 

after production, each batch was split in the two different types of packaging (BIB and CT) and stored in a 

temperature-controlled room with a mean temperature of 4°C ± 1.0 °C under control humidity conditions 

(65%) for the entire shelf-life period.  

The BIB packaging is composed of an outer cover and an inner lining that is in direct contact with the food 

matrix. The outer cover is made by a metal foil of polyethylene terephthalate 12 µm thick between two 

layers of polyethylene (PE) 45 µm each. The inner lining is composed by a PE layer with a thickness of 65 

µm. In the CT packaging, the AMF block is stored inside a cardboard and wrapped in a layer of high density 

PE. Information about the different samples used are summarized in Table 2.1. As reference, fresh samples 

(FREs) were obtained for each time point from the same manufacturer and stored in glass jars to compare 

fresh AMF to the one stored.  

Table 2.1: List of AMF samples used during the experiment. 

Code 
Type of 

packaging 
Batch 

Storage time for 

120 days [days] 

Storage time for 

180 days [days] 

Storage time for 

240 days [days] 

321CT CT 1 142 204 296 
322CT CT 2 141 203 295 
323CT CT 3 140 202 294 
321BIB BIB 1 142 204 296 
322BIB BIB 2 141 203 295 
323BIB BIB 3 140 202 294 
711FRE FRE - 30 - - 
FRE829 FRE - - 34 - 
FRE830 FRE - - 35 - 
FRE831 FRE - - 36 - 
FRE101 FRE - - - 74 
FRE201 FRE - - - 77 
FRE801 FRE - - - 72 
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2.2.2  |Sample preparation 

After 120, 180 and 240 days of refrigerated storage, samples were packed in plastic bags for shipment and 

transported on ice packs from the industrial partner to the analytical laboratory at Fondazione Edmund 

Mach (San Michele all’Adige, Italy). Upon receipt, products were removed from shipping containers, 

examined for damage and then assigned to frozen storage (-20 ± 1.0 °C) until the day of measurement. On 

the first day of measurement (day 0) samples were melted in a thermal bath (50°C) and prepared for each 

day of measurement (day 0, 2, 4, 7, 9 and 11) following a factorial design for each storage point (120, 180 

and 240 days) as shown in Figure 2.1. For each sample, five 2.5 mL aliquots of AMF were transferred into 

sampling vials, which were previously conditioned for two days at 65°C. Vials were then closed, labelled and 

stored at 50°C until measurement to simulate aging. Empty vials were used as blanks. The procedure was 

the same for all time points.  

�

Figure 2.1: Schematic drawing of the experimental design. Bag-In-Box (BIB) and Cardboard (CT) samples after 

production were assigned to refrigerated storage (4°C) for the whole experiment. After reaching a specific time 

point (120, 180, 240 days) each AMF sample was melted and held at 50°C. Vials (in five replicates) were prepared 

for each time point of the measurement with thermal treatment (day 0, 2 ,4 ,7, 9, 11). Fresh samples were also 

used at each time point for comparison. 

2.2.3  |Proton Transfer Reaction Time-of-Flight Mass Spectrometry measurements 

All measurements were performed in an automated way by using a multipurpose GC sampler 

(Gerstel GmbH, Mulheim am Ruhr, Germany) connected to the inlet of the PTR-ToF-MS as previously 

described (20). All the vials were incubated for equilibration at 50°C for 30 min before PTR-MS analysis. Each 

sample was measured for 60 s with an acquisition rate of one spectrum per second and a flow rate of 35 

sccm. The inlet line consisted of a PEEK capillary tube (inner diameter 0.40 mm), heated at 110°C.  

The measurement order was randomized and after each measurement, a waiting time of 3 minutes was set 

on the auto-sampler to avoid memory effects. A commercial PTR-ToF-MS 8000 instrument (Ionicon 
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Analytik GmbH, Innsbruck, Austria) in its standard configuration (V mode) was used for the headspace 

measurements. The ionization conditions in the drift tube were as follows: drift voltage=557 V, drift 

temperature=110°C, drift pressure=2.30 mbar affording an E/N value of 141 Townsend (1 Td=10–17 V-1 cm2 s-

1). The mass resolution (m/Δm) was at least 3800 and data were collected for the mass range m/z 20-300.  

2.2.4 | Data processing and peak selection 

Dead time correction, internal calibration of mass spectral data and peak extraction were performed 

according to the procedure described by Cappellin et al. (21, 22). Internal calibration was performed by using 

mass peaks 21.0221, 29.9974 and 203.9430 corresponding respectively to protonated water, NO+ and one 

of the fragments of 1,3-Diodobenzene, which was continuously injected as a peak reference compound into 

the PTR-ToF-MS drift tube through the PerMaSCal device (Ionicon, Innsbruck, Austria). Concentrations in 

ppbV (parts per billion by volume) were calculated according to the formula described by Lindinger et al. 

(10), using a constant reaction rate coefficient (kR=2 x 10-9 cm3 s-1) and averaging mass spectral signals over 

30 spectra. This approximation introduces a systematic error for the absolute concentration of each 

compound that is in most cases below 30% and can be accounted for, if the actual rate coefficient is available 

(23). In this paper, the experimental m/z values are reported up to the third decimal place.  

2.2.5 | Statistical analyses 

Analysis of variance (ANOVA) with Bonferroni correction was performed for selection of mass peaks 

significantly higher in the AMF samples than in the blanks. 13C isotopologues were also eliminated from the 

data set. On these reduced data sets, further 1-way ANOVA with Tukey’s honest significant difference (HSD) 

and Bonferroni correction were performed to investigate packaging and thermal treatment effects. 

Summary tables where then built by eliminating isotopes and by selecting only mass peaks above a 

threshold of 0.1 ppbv. This threshold was introduced to reduce noise signals and to include just relevant 

VOCs into further statistical analysis. The median ± standard deviation of the five replicates for each 

extracted peak was then plotted for each storage point together with boxplots for each mass peak. To 

interpret the experiment results, principal component analysis (PCA) was conducted on the scaled and mean 

centred data sets. All analysis and graphs were performed with core functions of R programming language 

and its external packages (ChemometricsWithR, DiscriMiner, ggplot2) (24).  

2.3 Results and discussion 

2.3.1  |PTR-ToF-MS spectra analysis  

The analysis of raw PTR-ToF-MS data of AMF samples resulted in the extraction of 396 mass peaks in 

the m/z range 21-300 as shown in Figure 2.2. After eliminating signals related to interfering ions (NO+, O2
+, 

and water clusters) at m/z 30, 32, 37 and 55, one-way ANOVA with Bonferroni correction (p-value < 0.01) was 
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performed by comparing all AMF samples with blanks. E.g., the test run on AMF after 240 days of storage 

identified up to 183 mass peaks that were significantly higher than blanks. Further statistical analyses were 

performed on a reduced dataset of 129 mass peaks corresponding to peaks that were found significantly 

different from blanks for all storage times (120, 180, 240). The final data matrix is composed by 129 columns 

corresponding to the mass peaks and as rows all AMF samples (the three lots of each BIB and CT) measured 

in five technical replicates at the different storage points and during the different days of the thermal 

treatment.  

Figure 2.2: PTR-ToF-MS volatile profile in logarithmic y-scale of one of the AMF samples (321BIB) at 240 days 

of shelf life.  �

2.3.2  |Effect of packaging on PTR-MS profile 

PCA of the different shelf-life time points (120, 180, 240 days) of all samples at day 0 of the thermal 

treatment was performed as data exploration on the final matrix of mean centred and scaled data (Fig. 2.3). 

In most cases, BIB, CT, and FRE samples are clearly separated and a good measurement reproducibility can 

be observed. For example, at time 180 (Fig. 2.3B), the first principal component (PC), explaining 22.83% of 

the total variance, is separating BIB and CT samples while the second PC, explaining 19.21% of total variance 

is separating the stored samples from the fresh standards. At 120 days the standard (711FRE) is collocated 

near CT samples indicating a similar VOC profile.  

During storage, it can be observed that while at 120 days (Fig. 2.3A) a first distinction of BIB and CT is visible, 

the separation appears more evident at 180 and 240 days were BIB and CT are perfectly separated. 

Refrigerated storage at 4°C appears to increase the differences in the volatile profile of the AMF stored in 

the two types of packaging. This preliminary investigation indicates that BIB packaging, thanks to its lower 
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O2 permeability, keeps the volatile profile of the AMF more similar to the FRE samples during refrigerated 

storage by offering a better protection to oxidation and thus from rancidity.  

  

Figure 2.3: Score plots of PCA analysis for each time point at day 0 on scaled and mean centred data sets. In 

order from top to bottom left days 120 (Fig. 3A), 180 (Fig. 3B) and 240 (Fig. 3C). 

2.3.3 | Effect of storage on the PTR-MS profile 

Further statistical univariate analysis was performed on the final dataset for investigating storage 

effects in more details. One-way ANOVA followed by Tukey HSD (with Bonferroni correction) was done on 

each time point (120, 180 and 240 days of refrigerated storage) to evaluate VOCs differences between the 

two types of packaging at day 0 of the thermal treatment. Results for the average of the three batches (321, 

322, 323) for each packaging type are showed in Table 2.2 together with the tentative identification of the 

VOCs. All mass peaks found significantly different at least in one of the time point (p-value < .01) were 

A) 

B) C) 
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reported by starting from m/z = 41.038 and by taking a concentration threshold of at least 0.1 ppbV. 28 mass 

peaks were tentatively identified on the basis of their sum formula, fragmentation pattern and literature 

data (9, 12, 15, 16, 18, 24, 25).  

The post-hoc test found significant differences between the two types of packaging at all different time 

points of the storage meaning that a relevant packaging effect on AMF VOCs is present. Among the 38 

compounds, 25 reported higher levels in the BIB packaging than in CT for all time points. This finding may 

be explained by the difference in packaging: BIB does not allow exchange with the atmosphere but at the 

same time enhances the accumulation of volatile compounds in the AMF like secondary oxidation products 

generated during storage. This figure suggested that different oxygen permeability might have a direct 

influence on the storage and on AMF fat oxidation.   

The most abundant volatiles found in the headspace of AMF were the mass peaks 73.064 and 87.080 

associated respectively to 2-butanone/butanal and 2-pentanone/pentanal/2/3-methylbutanal that are key 

butter aroma compound (9). Other volatile compounds that were found abundant in the AMF headspace 

were acetaldehyde (m/z = 45.033), 2-propanone (m/z = 60.052, in this case the isotope is taken since the 

signal at m/z = 59.086 corresponding to the 2-propanone was saturated) and some unspecific fragments like 

the m/z = 43.017 that can be associated to methyl butanoate or acetic acid (12, 26).   

One of the most studied volatile biomarker for dairy oxidative stress is hexanal since it is one of the major 

products of fat oxidation, which increases during storage. Hexanal is produced from the oxidation of n-6 

polyunsaturated fatty acids, like linoleic acid (28), and is usually associated with grassy or metallic-like off 

flavour in milk and butter (29)–(31). Recently, Asaduzzaman et al.(2017), monitored milk oxidative stress by 

following hexanal evolution at 4°C by PTR-MS. The mass peaks at m/z 101 and m/z 83 corresponding to the 

protonated molecular ion and to the fragment obtained from the loss of a water molecule, were indicated 

as biomarker for hexanal determination (32). In our experiment, both these mass peaks (m/z = 101.096 and 

m/z = 83.085) showed a significant higher concentration in BIB samples then CT samples at all time points. 

At 45 days (data not shown), the AMF stored in the BIB showed already higher levels meaning that this 

difference was originated during the first days of the storage and is then maintained.  

Beside the different oxygen permeability, it may be possible that since the BIB packaging is sealed, it allows 

a lower dispersion of the molecule by accumulating it into the packaging, resulting in higher levels. An 

increasing trend for both the hexanal mass peaks was observed during storage. These findings were in line 

with previous studies: Lozano et al. when monitoring the effect of cold storage (4°C) on sweet cream butter 

stored in different packaging material found a significant increase of hexanal after 6 months storage (16).    

During the shelf life, almost all VOCs reported in Table 2.5.3 show increasing concentrations with a few 

exceptions. For both BIB and CT, the mass peak m/z = 49.011 (CH5S+) tentatively identified as methanethiol 

and m/z = 109.027 (C6H5O2
+) showed decreasing concentrations during the whole storage. Methanethiol 

been reported to be formed from methional, which is a light-induced product of methionine (33). This 
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volatile sulphur compound was found both in butter samples by headspace GC (34) and in the headspace of 

bovine milk exposed to a fluorescent light by PTR-MS analysis (35). The latter study showed a direct 

dependency of methanethiol formation to light exposure. The decreasing trend observed during shelf life 

may be related to the compound high reactivity. In fact, it can be easily oxidized to form dimethyl disulfide 

and dimethyl trisulfide (36).  

Table 1.2: Tentatively identified mass peaks in the headspace of anhydrous milk fat (AMF) at the 
different time points (120, 180 and 240 days) with average concentrations at the first day of the 
thermal treatment. Significant differences per time point are indicated with Tukey letters (one-way 
ANOVA).  

Measured 

mass (m/z) 

Theoretic

al mass 

Chemical 

Formula 
120 180 240 

Tentative 

identification 

   BIB CT BIB CT BIB CT  

41.038 41.0391 C3H5+ 15.84a 9.99b 16.64a 11.81b 53.07a 36.74b Alkyl fragment alcohol 

43.017 43.0184 C2H3O+ 23.72a 16.11b 37.56a 18.77b 111.93 80.57 Acetic acid fragment 

45.033 45.0340 C2H4OH+ 110.31a 45.05b 115.57a 41.89b 336.72a 122.38b Acetaldehyde 

47.048 47.0497 C2H7O+ 16.43 22.06 16.11 11.50 36.86a 19.12b Ethanol cluster 

49.011 49.0112 CH5S+ 2.53 1.70 1.24 1.50 0.80a 1.31b Methanehtiol 

51.043 51.0435 
CH4OH*H3O

+ 
3.22 2.20 1.75 1.89 11.77a 17.35b Methanol cluster 

53.001 53.0027 C3OH+ 0.16 0.09 0.22a 0.08b 0.70a 0.30b - 

53.038 53.0391 C4H4+ 0.73 0.57 0.75 0.69 1.64a 1.24b - 

57.069 57.0699 C4H9+ 4.06a 2.97b 4.07a 2.97b 10.73a 7.61b Alkyl fragment 

58.040 58.0419 C3H5OH+ 0.76a 0.26b 1.06a 0.37b 2.89a 1.11b  

60.052 60.0525 
C2[13]CH6O

H+ 
42.91a 18.53b 61.50a 21.14b 190.74a 81.20b 2-propanone isotope 

63.026 63.0268 C2H6SH+ 11.61 13.46 22.69a 15.13b 74.62a 61.50b Ethanethiol / DMS 

67.054 67.0547 C5H7+ 0.46 0.33 0.46 0.35 1.25a 0.97b 2-pentanal fragment 

69.069 69.0704 C5H8H+ 8.26a 3.87b 6.94a 3.49b 21.71a 11.71b Isoprene/ 3-hexen-2-ol 

73.027 73.0284 C3H4O2H+ 0.01 0.01 0.22 0.30 1.19a 1.87b Propiolactone 

73.064 73.0653 C4H8OH+ 84.74 101.60 105.14 112.44 330.14a 402.30b 2-butanone/butanal 

77.058 77.0602 C3H8O2H+ 0.96a 0.44b 1.11a 0.44b 3.43a 2.20b Propylene glycol 

81.070 81.0699 C6H9+ 1.44a 0.92b 0.94 1.23 1.06a 1.67b  

82.067 82.0651 C5H7NH+ 0.20 0.21 0.22 0.29 0.44a 0.76b 1-methylpyrrole 

82.994 82.9950 C4H3S+ 0.60 0.81 0.91 1.06 2.52a 3.25b  

83.085 83.0860 C6H11+ 3.35a 1.85b 1.52 1.89 3.93 4.83 Hexanal fragment 

84.942   0.36 0.55 0.56 0.69 1.63a 2.12b  
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85.064 85.0653 C5H8OH+ 0.50a 0.32b 0.53a 0.36b 1.15a 0.87b 
2-pentenal (E)/1-

penten-3-one 

87.041 87.0401 C4H6O2H+ 0.23a 0.54b 0.23a 0.63b - 1.37 
2,3-butanedione/γ-

butyrolactone 

87.080 87.0809 C5H10OH+ 68.20a 19.14b 81.48a 21.32b 250.23a 84.30b 
2-pentanone/pentanal/ 

2/3-methylbutanal 

89.060 89.0603 C4H8O2H+ 4.40a 4.64a 9.43a 7.32a 36.30a 36.03a Butanoic acid/ acetoin 

91.022 91.0217 C3H6OSH+ 0.34a 0.10b 0.36a 0.06b 0.81a 0.13b 
Methylthioacetate/mer

captoacetone 

97.101 97.1012 C7H13 2.41a 0.86b 2.04 0.90 6.23a 3.00b Heptanal fragment 

99.081 99.0810 C6H10OH+ 0.50a 0.31b 0.27 0.30 0.48a 0.62b 2-Hexanal 

101.096 101.0966 C6H12OH+ 1.88a 0.73b 1.79a 0.72b 4.80a 2.37b Hexanal 

103.075 103.0759 C5H10O2H+ 0.19 0.22 0.25 0.26 0.36a 0.66b 
Propanoic Acid 

/pentanoic acid 

105.071 105.0704 C8H8H+ 0.11 0.14 0.24 0.24 0.21a 0.36b Styrene 

107.085 107.0497 C7H6OH+ 0.28a 0.57b 0.45 0.42 0.42a 1.24b 
Benzaldehyde/ 1,3 

dimethylbenzene 

109.027   0.37 0.35 0.16 0.18 0.17a 0.26b  

115.112 115.1117 C7H14OH+ 28.21a 7.93b 22.70 7.84 67.14a 28.65b 2-heptanone 

137.134 137.1330 C10H16H+ 0.20a 0.39b 0.57 0.75 0.27a 0.90b 
Mix of 

mononoterpenes 

143.145 143.1432 C9H18OH+ 1.19a 0.46b 0.79 0.82 1.81 1..96 2-nonanone 

 

2.3.4 | Effect of thermal treatment on the PTR-MS profile: oxidation effects 

For industrial production, not only the long storage at 4°C is relevant but also the one at 50°C since 

AMF is melted and kept at this temperature for days before the actual use of the product. For this reason 

the samples evaluated at 120, 180 and 240 after storage at 4°C have been evaluated also during a storage 

of 11 days at 50°C where oxidation effects due to heat can be observed. For further evaluation of the data, 

the single cold storage time points were evaluated by focusing on the effect of the storage at 50°C only. 

Similar trends and similar differences in concentrations were observed at all time points but in this work, as 

explanatory example only the data obtained at 240 days are reported. The score plots corresponding to PC1 

vs PC2 for day 2, 4, 7 and 11 are shown in Figure 2.4. PCA was performed on the centred and scaled data set.  
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Figure 2.4: Score plots of PCA analysis for storage at 50°C at time point 240 on scaled and mean centred data 

sets. From top left to bottom right: day 2 (Fig. 4A), 4 (Fig. 4B), 7 (Fig. 4C) and 11 (Fig. 4D).  

In all cases the first principal component, explaining around 40% of the total variability in the data, 

separated the packed AMF samples from the standard ones. Especially at the beginning of the storage at 

50°C, the second component, explaining around 25% of the total variance, separates the BIB from the CT 

samples. While the storage proceeds, the differences between the two types of packaging decreases. While 

at 240 days samples are still distinguishable even after 11 days of storage at 50°C, at 120 and 180 days after 

the first week of storage at 50°C the BIB and CT separation on the PCA score plots starts to be less clear 

(data not shown). This effect may be explained by the fact that during storage at 50°C AMF samples are 
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exposed both to light and oxygen during sample preparation and then to heating for the whole experiment. 

Oxygen, light and temperature are all factors that greatly affect and increase lipid oxidation processes (37). 

Therefore, the oxidation process in the vials may probably take over the initial VOC profile differences 

produced by the different packaging type. The same trend during storage at 50°C where differences 

between the BIB and CT samples and even the FREs are reduced, was identified when univariate analysis (1-

way ANOVA, with Tukey HSD post-hoc) was performed. Results can be found in the supplementary 

materials (Table S2.1).  

A total of 46 compounds for the BIB samples and 60 for CT ones, were found to have a significant difference 

in concentration at least on one of the days of the shelf life at 50°C. During the thermal treatment, for the 

BIB samples, a total of 25 mass peaks (54%) increased and 21 decreased (46%) their concentration while for 

CT samples 34 increased (57%) and 26 decreased (43%). Trends were the same in the two types of packaging 

for the same mass peaks. In Figure 2.5 it is possible to see some examples of these trends during storage at 

50°C: four different mass peaks were selected for their importance as key butter aroma compound or in AMF 

quality. 

Data of Figure 2.5 also indicated that at the end of the storage, the differences between the two packaging 

tend to decrease. This trend may be a consequence of oxidation processes induced predominantly by the 

exposure to heat (50°C) but also by light and air exposition during the experiment (38).  

The mass peaks 93.070 (Figure 2.5a) and 89.060 (Figure 2.5c) showed a decreasing trend during the thermal 

treatment. The first one was tentatively identified as toluene. Toluene is an aromatic hydrocarbon highly 

soluble in fat. It has been previously observed by using PTR-MS in Parmigiano Cheese by Boscaini et al (39) 

and by using GC-MS by Lozano et al (16) in sweet cream butter when evaluating the effect of cold storage 

and different type of packaging on the major butter VOCs. Aromatic hydrocarbons (benzene, ethylbenzene, 

toluene, styrene) are considered major environmental contaminants because of the ubiquity of the sources 

of their emission and their harmful effects on man and animals (40). Thanks to their volatility and lipophilic 

nature, from the environment these compounds can penetrate food in different ways including direct 

absorption into lipids. Toluene and styrene can easily diffuse though a fibrous or plastic materials migrating 

into the food matrix and affecting food flavour (41). Standard samples at 240 days had the lowest levels of 

toluene probably due to the storage in glass jars while CT samples present higher concentrations than BIB 

samples. The same behaviour is observed for m/z = 105.072 and m/z = 107.086 corresponding to styrene and 

ethylbenzene respectively (data not shown) and this is true also for measurements at 120 and 180 days. 

Wrapping plastic around the AMF samples stored in cardboard (CT) allows a greater aromatic hydrocarbon 

migration in comparison to the plastic of the BIB package 



Rapid and non-invasive quality control of AMF by PTR-MS

2

	 53

Chapter 2 

53 

�

Figure 2.5: Time evolution (day 0 - day11) during storage at 50°C of the concentration of selected mass peaks: 

a) m/z = 93.070 (C7H9+), T.ID. toluene, b) m/z = 89.060 (C4H8O2H+), T.ID. butanoic acid and/or acetoin, c) m/z 

= 87.080 (C5H10OH+), T.ID. 2-pentanone, pentanal and/or 2/3-methylbutanal, d) m/z = 115.112 (C7H14OH+), 

T.ID. 2-heptanone for all investigated samples at time point 240 days. 

Oxidation may explain partially the decreasing trend observed for the mass peak 89.060 corresponding to a 

mixture of VOCs, presumably butanoic acid and acetoin. These two compounds were both detected by GC-

MS analysis in the volatile fraction of both butter (42) and butter oil (18). Butanoic acid is a short chain fatty 

acid that was found as one of key butter aroma compound through aroma extract dilution analysis (43) while 

acetoin is responsible for characteristic fatty butter flavour (44). Moreover, one of the fragments of ethyl 

butyrate, may also contribute to the mass peak signal (12, 26). As anticipated, the decreasing trend observed 

for the mass peak 89.060 may be due to oxidation accelerated by the thermal treatment: acetoin is a highly 

reactive compound that can undergo both oxidation to produce diacetyl (45) and esterification with acids to 

produce acetoin fatty acid esters (46).  
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The other two mass peaks presented in Figure 2.5c and 2.5d corresponding to the mass peaks m/z = 87.080 

and m/z = 115.112, showing both an increasing trend in concentration during the thermal treatment. Both 

mass peaks showed a higher level for the samples stored in the BIB package when compared to CT. As said 

before, the signal of the mass peak 87.080 can be constituted by different compounds such as 2-pentanone 

and two different aldehydes: pentanal and 2/3-methylbutanal. All these compounds have been classified as 

odour compounds of butter aroma (6). Some previous studies are in line with the increasing trends detected 

during the thermal treatment. After 6-8 weeks of butter storage at 6°C, Mallia et al. (46) have found 

increasing levels of all these compounds through GC-MS and GC-O analysis. In a study on the effect of cold 

storage and packaging material on sweet cream butter (9), both 2 and 3-methylbutanal were found to 

increase in the first 6 months of storage at 4°C. The same was found for 2-heptanone, corresponding to the 

m/z = 115.112. This methyl ketone molecule has been identified has one of the most potent odour-active 

compounds in dairy (fruity, fatty flavour) (47). This compound has been identified also by GC-MS analysis by 

Peterson et al. in the headspace of heated butter (48). Moreover, the same increasing trend in concentration 

was observed when monitoring with PTR-MS changes induced in the headspace of bovine milk after light 

exposure (35). The increasing in concentration during the heat treatment may be determined by the 

saturated fatty acids ẞ-oxidation followed by decarboxylation into 2-heptanone. 

2.4 Conclusion  

In this work, PTR-ToF-MS coupled to a multipurpose autosampler was applied to verify the reliability 

and robustness of this rapid and non-invasive VOCs analysis as quality control of anhydrous milk fat used in 

food industry. AMF has been evaluated during storage at different temperatures and in different industrial 

packaging types. For the first time, performance of bag in-box and cardboard boxes for AMF was compared 

during a long-term storage (240 days) at refrigerated state (4°C) followed by 11 days storage at 50°C. 

Industrial sample-sets were used in this investigation. Working with these datasets had the drawback to be 

more challenging since both replication and standardization were more complicated. However, it had the 

advantage to provide a realistic representation of the industrial variability and it is a critical point to 

successfully apply the PTR-MS technique in the day-to-day industry applications. Statistical analysis 

successfully discriminated different samples, indicating the possibility to identify the effect of storage time, 

temperature and packaging. Moreover, the differences between fresh products and production batches 

were also highlighted. VOCs differences induced by different packages were also investigated and 

refrigerated storage increased these differences. On the contrary, differences between packaging type and 

production batch decreased during the storage at 50°C due to heat (photo)oxidation that in general leads 

to more elevated intensities of aldehydes and ketones. When performing univariate analysis on the selected 

mass ions it is possible to detect and follow changes in different key butter aroma compounds.  
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From this work the bag in box packaging was shown to have the best performance when compared to 

cardboard packaging: due to its lower permeability to oxygen the bag in box can offer a better protection to 

oxidation phenomena. Moreover, from the research it is recommended that food industries, during 

production should keep AMF at 50°C as short as possible due to the relevant oxidation effect induced by 

temperature.  

The proposed methodology is a direct, rapid and reliable way for automated and standardized quality 

control of AMF ingredient by being able to identify the effect of all production variables: production batches, 

type of packaging, and storage at different temperatures and times. In general, our work demonstrates the 

feasibility and efficiency of rapid and non-invasive mass spectrometry analysis for quality control in 

agroindustry, but we envisage the possible usage of our methodology for the efficient investigation of fats 

oxidation. Future research in this field should be devoted to the acceptability thresholds based on sensory 

analysis that should be included in classification methods together with threshold values of quality routine 

analysis of AMF such as Rancimat, and number of peroxides.  
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2.6 Supplementary materials:  

All peak masses found significantly different in the BIB category (p-value < 0.01 with Bonferroni correction 

= 0.002) were reported by starting from m/z > 40 and by taking a concentration threshold of at least 0.5 

ppbV. This time the three batches (biological replicates) were considered all together (mean) and only the 

BIB category is shown.  

Table S2.1: VOCs present in the headspace of BIB anhydrous milk fat (AMF) sample during the 
thermal treatment at 240 days with average concentrations and standard deviation.  

MS TREND BIB 

 
 0 2 4 7 9 11 

ms41.038 ↑ 51.41a±2.89 56.11a±3.16 62.43b±5.33 63.80b±4.83 75.27c±6.06 77.17c±5.91 

ms42.010 ↑ 0.65ab±0.06 0.64a±0.06 0.69bc±0.07 0.70ac±0.08 0.73cd±0.07 0.78d±0.07 

ms42.042 ↑ 0.66a±0.42 2.55de±0.84 1.60bc±0.40 1.40b±0.59 3.13e±0.56 1.96cd±0.51 

ms43.018 ↑ 
102.34a±10.6

2 
106.61ab±9.7

8 
120.66b±12.1

7 
119.84b±13.8

4 
137.20c±16.73 

133.90c±14.
14 

ms43.054 ↓ 20.36b±2.97 19.28b±2.08 20.07b±4.56 16.48a±1.06 16.09a±1.24 16.76a±1.45 

ms45.033 ↑ 332.72a±15.70 
367.86ab±31.1

5 
400.75b±30.4

5 
405.03b±41.6

7 
473.83c±48.91 

476.58c±42.
60 

ms47.024 ↓ 3.41c±0.40 3.20c±0.39 2.53b±0.18 2.04a±0.16 2.48b±0.22 1.99a±0.21 

ms49.011 ↑ 0.96a±0.12 1.52b±0.33 2.27c±0.31 2.82d±0.37 4.22e±0.41 5.24f±0.57 

ms51.043 ↓ 15.54d±3.50 10.34c±3.90 8.70bc±2.94 5.64ab±2.09 5.55ab±2.33 4.49a±1.81 

ms53.002 ↑ 0.72a±0.06 0.78ab±0.08 0.90c±0.10 0.91bc±0.11 1.04cd±0.14 1.07d±0.12 

ms53.039 ↑ 1.75a±0.14 1.92ab±0.13 2.10bc±0.07 2.15c±0.13 2.73d±0.17 2.74d±0.31 

ms55.054 ↑ 38.74a±2.00 41.20ab±2.05 43.91b±2.54 44.12b±3.34 50.19c±4.01 49.98c±6.23 

ms57.033 ↑ 2.42a±0.44 4.55a±0.81 7.81b±1.21 12.92c±2.17 18.27d±2.64 22.18e±2.33 

ms57.070 ↓ 9.80b±0.96 9.38b±0.79 9.09b±0.76 7.64a±0.75 7.40a±0.64 7.46a±0.62 

ms58.040 ↑ 2.74a±0.12 3.04a±0.23 3.61b±0.31 4.16c±0.39 4.56d±0.43 4.69d±0.49 

ms60.052 ↑ 181.85a±14.41 
194.73ab±19.

45 
221.43bcd±23

.92 
217.01ac±28.1

9 
242.69cd±34.

22 
240.07d±28.

54 

ms61.028 ↑ 50.33ab±9.93 48.95a±7.04 54.62ac±6.35 55.27ac±5.35 59.67bc±5.44 59.52c±5.70 

ms63.027 ↓ 69.98c±4.68 65.29b±4.58 62.06b±4.25 52.84a±4.79 53.48a±5.52 50.71a±4.08 

ms65.022 ↓ 3.71c±0.17 3.46bc±0.34 3.36b±0.26 2.76a±0.32 2.96a±0.28 2.73a±0.26 

ms65.058 ↓ 0.86d±0.40 0.70cd±0.27 0.65bc±0.18 0.38ab±0.14 0.42ab±0.14 0.38a±0.13 

ms67.054 ↑ 1.25a±0.04 1.28a±0.07 1.36a±0.09 1.30a±0.12 1.53b±0.14 1.60c±0.11 

ms69.070 ↑ 20.64a±1.26 21.40ab±1.37 
23.45bcd±1.8

5 
22.72ac±2.09 24.44cd±2.43 25.67d±1.90 

ms71.090 ↓ 4.33b±0.34 4.13b±0.34 4.05b±0.27 3.58a±0.33 3.54a±0.32 3.53a±0.29 
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ms73.027 ↑ 1.09a±0.22 2.68a±0.68 5.22b±0.81 10.10c±1.73 15.74d±2.31 18.17e±2.61 

ms77.058 ↓ 3.22c±0.82 2.71bc±0.56 2.42ac±0.51 1.73a±0.39 2.08ab±0.49 1.74a±0.34 

ms82.949 ↓ 2.56c±0.14 2.52c±0.14 2.41bc±0.10 2.23a±0.12 2.29ab±0.13 2.28ab±0.13 

ms83.049 ↓ 0.67d±0.07 0.52c±0.04 0.49ab±0.03 0.46a±0.03 0.49ac±0.04 0.51bc±0.06 

ms83.086 ↑ 3.82a±0.42 3.76a±0.30 3.94a±0.36 3.88a±0.42 4.17a±0.42 4.57b±0.45 

ms84.942 ↓ 1.65c±0.09 1.61c±0.08 1.58bc±0.10 1.46a±0.07 1.48ab±0.08 1.47a±0.08 

ms85.065 ↑ 1.12a±0.11 1.13a±0.09 1.21ab±0.10 1.37b±0.13 1.46c±0.12 1.57c±0.19 

ms85.100 ↓ 0.68c±0.05 0.61b±0.05 0.61b±0.05 0.53a±0.05 0.52a±0.04 0.52a±0.06 

ms86.071 ↑ 0.53a±0.05 0.54ab±0.04 0.58ac±0.05 0.60bc±0.06 0.63cd±0.08 0.66d±0.07 

ms87.041 ↑ 0.00a±0.02 0.00a±0.02 0.07a±0.17 0.14a±0.26 0.83b±0.29 1.19c±0.38 

ms87.080 ↑ 
239.40a±16.4

6 
248.04ab±18.

26 
268.38ac±24.

64 
262.28ac±26.

50 
278.57bc±31.9

5 
280.91c±24.

92 

ms89.0560 ↓ 35.36d±11.02 27.65cd±8.21 28.32bd±5.44 
23.37abc±2.8

9 
23.58ab±2.67 23.43a±4.80 

ms91.022 ↓ 0.80b±0.06 0.77b±0.07 0.73b±0.06 0.63a±0.07 0.63a±0.07 0.58a±0.06 

ms91.057 ↓ 1.15bc±0.31 1.25c±0.79 1.03ab±0.20 0.66a±0.12 0.69a±0.10 0.69a±0.09 

ms93.036 ↓ 4.98c±1.21 3.74bc±0.90 3.02b±0.64 2.03a±0.34 1.93a±0.34 1.73a±0.33 

ms93.069 ↓ 1.90b±0.12 1.81b±0.12 1.67a±0.10 1.56a±0.09 1.62a±0.09 1.62a±0.15 

ms95.085 ↓ 0.55d±0.05 0.49c±0.04 0.48bc±0.03 0.44a±0.03 0.48bc±0.03 0.45ab±0.04 

ms97.063 ↑ 0.30a±0.03 0.29a±0.03 0.32ab±0.04 0.41b±0.09 0.54c±0.13 0.85d±0.18 

ms99.081 ↓ 0.47b±0.05 0.43ab±0.03 0.43ab±0.04 0.39a±0.03 0.40a±0.04 0.41a±0.03 

ms101.059 ↓ 1.13c±0.23 0.76b±0.11 0.64ab±0.10 0.54a±0.09 0.64ab±0.08 0.70b±0.08 

ms103.075 ↑ 0.38a±0.06 0.44ab±0.03 0.47ab±0.04 0.46ab±0.05 0.48bc±0.06 0.51c±0.10 

ms107.085  0.43b±0.07 0.41b±0.06 0.33a±0.04 0.40b±0.05 0.45b±0.06 0.45b±0.06 

ms137.134  1.52c±0.40 1.54ac±0.29 1.54bc±0.25 1.10a±0.20 1.13ab±0.15 1.32bc±0.71 
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Abstract  

Due to its versatility, anhydrous milk fat (AMF) has become more popular as a food industry 

ingredient but its quality control remains a critical challenge. The aim of this study was to apply a direct 

injection mass spectrometry technique to predict sensory quality of AMF. Volatilome analysis through 

proton transfer reaction mass spectrometry (PTR-MS) was used to classify 39 industrial samples of AMF 

according to industrial sensory evaluation and to accelerated ageing. A selective reagent ionization system 

was used to evaluate the suitability of PTR-MS alternative ionization modes for quality control. Supervised 

multivariate data analysis successfully classified samples and showed that samples exposed to accelerated 

shelf life at 50°C presented higher intensities of most volatiles, especially for the ones derived from oxidation 

like aldehydes and ketones. Samples with an acceptable quality level had lower emissions of volatile 

compounds. PTR-MS technique is ideal to support agroindustry sensory quality programs requiring rapid 

on-line analytical information. 

 

Keywords: anhydrous milk fat, quality control, volatilome, proton transfer reaction mass spectrometry. 
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3.1 Introduction 

The global market importance of anhydrous milk fat (AMF) as a food ingredient is continuously 

increasing due to its high stability and longer shelf life compared with butter, mainly due to its low moisture 

content (0.2%). For its easy use in liquid form (above 36°C), the efficient mixing with various other dairy 

products and its unique sensory properties, AMF is widely used in confectionary, chocolate and ice cream 

manufacturing industries (1,2).  

AMF may differ in quality, functionality and economic value due to i) milk quality (e.g. seasonality and 

origin), ii) manufacturing processes and iii) duration and conditions of storage. Different instrumental 

techniques have been developed to characterize physical and chemical properties of butter and AMF such 

as iodine value, saponification number, moisture content, cis-trans fatty acids ratio, peroxide value, 

anisidine value, acid value and thiobarbituric acid number (3–5). Among them, peroxide and acid values are 

commonly used to describe AMF quality because they provide an indication of primary oxidation and 

lipolysis respectively, which are the two most significant deteriorative reactions occurring during storage 

(3,6). These analytical methods, despite being simple and relatively inexpensive, are invasive and require 

potentially hazardous solvents (3). Moreover, they mainly give an indication of product oxidation and 

therefore about storage and manufacturing conditions. Little information is provided about secondary 

metabolites such as alcohols, sulphur compounds and aldehydes that could strongly affect AMF sensory 

characteristics and therefore consumer acceptance of the final products (7). For this reason, developments 

of flexible, fast, and reliable methodologies to monitor the quality focused on flavour and aroma are needed 

(8,9). Due to their key role in food perceived quality, volatile organic compounds (VOCs) are of primary 

interest in the context of monitoring and predicting product quality in relation to sensory perception 

(Biasioli, Yeretzian, Gasperi, & Mark, 2011).  

Proton transfer reaction mass spectrometry (PTR-MS) is a direct injection mass spectrometry method that 

enables volatile analysis with high sensitivity and in real time (Blake, Monks, & Ellis, 2009; Lindinger, Hansel, 

& Jordan, 1998). This technique was applied in the past by van Ruth et al. (2008) for classifying butter and 

butter oil samples subjected to heat and off-flavour treatment. The same group also proposed the approach 

for discriminating the geographical origin of European butters (14). Recently, our group used a similar 

instrument equipped with a Time of- Flight (TOF) mass analyser (Blake, Whyte, Hughes, Ellis, & Monks, 

2004; Jordan et al., 2009) to analyse the volatilome of semi-finished dairy ingredients (17) and to detect 

differences in VOCs release from AMF during storage in different packaging by following changes during 

the oxidation processes caused by storage conditions at 50°C (18). In this study, we introduce two novel 

factors: the sensory aspect, where VOC emissions were used to predict quality classes of AMF based on 

industrial sensory evaluation (quality control) and the usage of a selective reagent ionization system (SRI). 

The SRI system allows for the use of different precursor ions (H3O+, NO+, O2+, Kr+ and Xe+) for ionization and 
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therefore extends the number of compounds that may be detected, e.g. to short chain alkanes, and 

improves the specificity, e.g. separating isobaric compounds as ketones and aldehydes (11,15,19). The SRI-

ToF-MS system has been applied to a variety of purposes such as identification of monoterpenes (20), and 

identification of new drugs (21) and, in the food area, the technique was successfully applied to improve 

discrimination of coffee from different origins (Yener et al., 2015).  

In this research, we study a fingerprinting approach based on untargeted PTR-ToF-MS volatilomics to 

predict different sensory classes of AMF by rapid and non-invasive headspace analysis coupled with data 

mining methods. Moreover, this study aims to explore if additional information provided by the SRI system 

can improve performances of predictive models.  

3.2 Material and Methods 

3.2.1 | AMF Samples 

Sampling consisted of 25 AMF samples produced by five major European manufactures over two 

years of production (2015 and 2016). All batches were produced from pasteurized cream with 35%–40% fat 

content. Anhydrous milk fat was produced by applying the standard method described elsewhere (1). 

Samples were divided in two categories based on sensory evaluation:  16 “YES” samples that were classified 

as good and 9 “NO” samples that were classified as not complying (see the next section for details). Aliquots 

of some of the “YES” samples were subjected to storage conditions at 50°C in the dark for 5 days in a 

thermostatic stove to simulate aging and to create defective samples through thermal oxidation. These 

samples were called “AGED” (14 samples). Samples were then packed in plastic bags for shipment and 

transported on ice packs to the analytical laboratory at Fondazione Edmund Mach (San Michele all'Adige, 

Italy). Upon receipt, products were removed from shipping containers, examined for damage, and assigned 

to frozen storage (−20 ± 1°C) until analysis.  

3.2.2 | Sensory analysis: 

Sensory evaluation was carried out by 7 to 12 trained judges (26.8% females, age range 30-55 years 

old) according to the industrial partner internal evaluation protocol based on a ‘difference from control’ 

rating (23). Each AMF sample was rated by comparison with a standard. About 200 g of each sample were 

melted and kept at 50°C in a thermostatic stove and a spoon (around 15 g) of melted AMF was served to 

each participant. Panellists were instructed to evaluate the odour intensity of the samples first. Then, judges 

assessed flavour intensity by taking a sip of the sample. Between samples, judges rinsed their mouth with 

water to remove all fat residues. The difference from the standard reference sample was evaluated on a 

linear continuous scale from 0 to 5. For each sample average scores from the panel were obtained. Based on 

this average and by using a cut-off value of 1.5 established by industrial internal standards, AMF scoring 
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higher than 1.5 were classified as “NO” while AMF scoring lower were classified as “YES”. In table 1 a list of 

the samples is given. 

3.2.3 | PTR\SRI-ToF -MS analysis 

According to industry practice, each sample was melted in a thermal bath (50°C) and fifteen 2.5‐mL 

aliquots of AMF were transferred into sampling vials, which were previously conditioned for 1 day at 65°C. 

Vials were then closed, labelled and kept at 4°C till analysis. Empty vials were used as blanks and five 

replicates were measured for each reagent ion. All vials were incubated for equilibration at 50°C for at least 

30 minutes before PTR‐MS analysis. Each sample was measured for 60 seconds with an acquisition rate of 

one spectrum per second and a flow rate of 35 sccm. To avoid memory effects, measurement order was 

randomized and, after each measurement, a waiting time of 3 minutes was set. 

All measurements were performed using a multipurpose GC sampler (Gerstel GmbH, Mulheim am Ruhr, 

Germany) connected to the inlet of the PTR‐ToF‐MS as previously described (Yener et al., 2014). The inlet 

line consisted of a PEEK capillary tube (inner diameter, 0.40 mm), heated at 110°C. 

A PTR‐ToF‐MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria) in its standard configuration 

(V mode) was used. The instrument was equipped with a switchable reagent ion system (SRI) that allowed 

the operation in H3O+, NO+ or O2
+ modes as described elsewhere (Cappellin et al., 2014; Sánchez del Pulgar 

et al., 2013). The current applied for the discharge in the ion source was 3.5 mA in the case of H3O+ while it 

was set at 5.0 mA in the case of NO+ and O2
+ modes. Drift conditions were the same for all three ionization 

conditions: drift voltage = 557 V, drift temperature = 110°C, drift pressure= 2.3 mbar (except for the NO+ that 

was 2.8 mbar) resulting in an E/N value of 141 Td (136 Td for NO+ mode). Mass resolution (m/Δm) was at 

least 3800, and data were collected for the mass range m/z 20 to 300. 
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Table 3.1: In the table are presented the AMF samples used in the experiment together with their 
sensory score, production date, supplier and classification based on the sensory test. Samples which 
in the sensory test scored higher than the quality control cut-off score of 1.5 were classified as “NO”, 
while the one which scored below 1.5 as “YES”. The “AGED” samples were obtained from the “YES” 
samples after 5 days in a thermostatic stove at 50°C to simulate aging. 

Sample number Classification Supplier Production date Sensory score 
12 NO A 20-03-15 3 
18 NO A 26-01-15 1.7 
20 NO B 03-06-15 3.3 
22 NO C 03-06-15 1.5 
A NO ND ND 1.6 
B NO ND ND 1.6 
C NO ND ND 1.7 
D NO ND ND 1.6 
1 NO ND ND 1.0 
2 YES ND ND 1.5 
3 YES ND ND 1.1 

46 YES A 31-08-16 0.9 
47 YES C 30-10-16 0.6 
48 YES D 07-11-16 0.9 
49 YES A 07-11-16 0.8 
50 YES C 20-12-16 0.6 
51 YES A 09-01-17 0.9 
45 YES A 14-11-16 1.0 
38 YES C 01-08-16 0.7 
39 YES A 30-08-16 1.1 
40 YES A 06-07-16 0.9 
41 YES C 11-07-16 0.7 
43 YES E 27-07-16 1.0 
52 YES D 30-07-16 1.3 
53 YES A 27-02-17 0.8 

46-i AGED A 31-08-16 1.5 
47-i AGED C 30-10-16 1.5 
48-i AGED D 07-11-16 1.5 
49-i AGED A 07-11-16 1.6 
50-i AGED C 20-12-16 1.3 
51-i AGED A 09-01-17 1.7 
45-i AGED A 14-11-16 2.2 
38-i AGED C 01-08-16 1.5 
39-i AGED A 30-08-16 1.7 
40-i AGED A 06-07-16 2.5 
41-i AGED C 11-07-16 1.3 
43-i AGED E 27-07-16 1.4 
52-i AGED D 30-07-16 1.5 
53-i AGED A 27-02-17 1.6 
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3.2.4 | Data processing 

Data processing of ToF spectra included dead time correction, internal calibration of mass spectral 

data and peak extraction (Cappellin et al., 2010, 2011) to reach a mass accuracy sufficient for determining 

sum formula of volatile compounds. In this paper, the experimental m/z values are reported up to the third 

decimal place. The m/z axis internal calibration was performed by using m/z 21.0221, 29.9974, and 203.9430 

corresponding to protonated water, NO+, and one of the fragments of 1,3‐Diodobenzene, which was 

continuously injected as a reference compound through the PerMaSCal device (Ionicon, Innsbruck, Austria). 

Peak intensities from the absolute mass spectra were converted to concentrations in ppbV (parts per billion 

by volume) according to the procedure reported in Lindinger et al. (1998), assuming a constant reaction rate 

coefficient (kR = 2 × 10−9 cm3 s−1) and by averaging mass spectral signals over 40 spectra. This approximation 

introduces a systematic error for the absolute concentration of each compound that is in most cases below 

30%  (Biasioli et al., 2006; Cappellin et al., 2012).  

The data extraction of PTR\SRI-ToF-MS spectra provided 519 mass peaks for H3O+, 445 for O2
+ and 461 for 

NO+. The matrix consisting of concentration estimation for each sample and each peak (“raw data”), was 

further processed to extract relevant information and reduce the noise signals associated with PTR-MS 

measurements. A preliminary reduction of the data set was obtained by excluding i) all peaks with a 

concentration significantly lower than blanks (t.test with p < .01 after Bonferroni correction for multiple 

tests), ii) 13C isotopologues. and iii) signals related to interfering ions at m/z 29.997 (NO+), 32.998 (O2
+ 

isotope), 37.032, 55.039, 73.050 (all water clusters) and 51.043 (methanol cluster). This procedure allowed to 

select 120 mass peaks for H3O+, 73 for O2
+ and 84 for NO+. If not stated differently, statistical analyses were 

performed on these “reduced data” sets.  sis: 

3.2.5 | Data analysis 

Preliminary principal components analysis (PCA) was performed after logarithmic transformation 

and scaling (mean centring and unit variance). After checking assumptions, one‐way ANOVA with Tukey 

honest significant difference (HSD) and Bonferroni corrections were performed to find the mass peaks that 

were significantly different among the AMF sensory classes. Of these, the ones with m/z>33 and with a 

concentration threshold equal or above to 0.5 ppbV in at least two classes, were selected to build summary 

tables. Tentative peak identification was performed using an in-house library developed by the authors and 

available literature (13,17,18,31–34). 

A spider plot for the log transformed data obtained with H3O+ as reagent ion was built based on the mass 

peaks selected by univariate data analysis and with a concentration higher than 1 ppbV. Total Ion Count 

(TIC) obtained by summing the selected mass peaks for each sample was included the in the graph as well.  

Finally, a supervised classification method - namely partial least square regression-discriminant analysis 

(PLS-DA) - was carried out for samples classification. The analysis was applied to the datasets obtained with 
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the three different reagent ions on both “raw data” and “reduced data” resulting from the data elaboration 

process. Each dataset was firstly divided into training and test sets with a proportion of 80% and 20% of the 

samples, respectively. Then, by using the training set, the model was trained via applying a three-fold cross-

validation procedure iterated 100 times to extract classification error rates to adjust the discrimination 

method and chose the models’ number of components. The trained models were then used to predict the 

samples sensory classes of the corresponding test sets. The whole procedure was iterated 1000 times for all 

datasets. Results were evaluated using mean classification errors, mean balanced error rates (BER) and 

confusion matrices of each model. The BER is used when the samples classes are unbalanced since it 

calculates the average proportion of wrongly classified samples in each class, weighted by the number of 

samples in each class (35). In addition to the individual analysis of the three precursor ions, the same data 

was merged into a multi-precursor dataset, following a data fusion strategy (36). Particularly, a “low-level” 

fusion was applied: data from the 3 different ionization modes were concatenated sample-wise into a single 

matrix. This was done separately for data sets of “raw data” and for “reduced data”. As for the PLS-DA 

performed previously, the matrixes were pre-processed through auto-scaling. The prediction models were 

run on all the three classes and as well by only considering the “YES vs NO” case.  

All analyses and graphs were performed with core functions of R programming language and its external 

packages (37) (ChemometricsWithR, mixOmics, multcomp, vegan, matrixStats, ggplot2) and Excel (version 

14.0.7224.5000). 

3.3 Results and Discussion 

3.3.1 | Samples classification: sensory and aging effect 

The mass peaks in the “reduced data” sets were chosen as variables, and two principal components 

(PC) were produced. The score plots obtained for PC1 and PC2 corresponding to each ionization mode 

(H3O+, NO+ and O2
+) are shown in Figure 3.1.  

As presented in Figure 3.1, for all PCAs the first two PCs explain more than 50% of the total variability and 

the three different sample classes (YES, NO and AGED) are represented with different colours. In the case 

of H3O+, the PCA indicates the presences of some clusters: the PC1 separates the AGED samples from the 

original ones (especially when looking at Figure 3.1A) while the PC2 separates the “YES” class from the “NO” 

class. This latter distinction is even better when the NO+ mode was used (Figure 3.1B). It is also possible to 

notice some internal structure in the “YES” class for the H3O+ mode that is associated to the different 

suppliers but it is not considered here. 
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Figure 3.1: Score plots of principal component analysis (PCA) for the 3 ionization modes. Panel A: H3O+ mode. 

Panel B: NO+ mode. Panel C: O2
+ mode. The first two principal components are shown. The different colours and 

the different shapes indicate the different AMF classes. For each sample the five replicates are shown.   

One-way ANOVA followed by Tukey HSD (with Bonferroni correction) was conducted to further evaluate 

differences in VOCs among the three sample classes for all the reagent ions. Mass peaks that were 

significantly different for at least one class (p < .01) were reported in Table 3.2. Of the 49 mass peaks listed, 

36 were tentatively identified based on their sum formula, isotopic and fragmentation pattern, our internal 

database and literature data. Results for O2
+ and NO+ are reported in supplementary materials (see table S1 

and S2). 
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Table 3.2: Tentatively identified mass peaks from the headspace analysis of anhydrous milk fat 
(AMF). The mass peaks that were found significantly different among the classes (p < .01) and 
having a concentration above 0.5 ppbV in at least two classes were selected.  

Mass 
Theoretical 

Mass 
Chemical 
Formula 

AGED NO YES 
Tentative 

Identification 
ms33.033 33.0339 CH4OH+ 33.5±26.9a 217±261.3c 71±153.9b Methanol 

ms41.038 41.0391 C3H5+ 29.8±25.9ab 23.7±119.1b 13.5±12.5a 
Alkyl fragment 

alcohol 

ms42.034 42.0344 C2H3NH+ 1.2±1a 5.8±14b 2.1±1.9a Acetonitrile 

ms43.018 43.0184 C2H3O+ 61±27.8b 32.7±9.6a 24.1±25.3a Acetic acid fragment 

ms43.054 43.0548 C3H7+ 8.6±2.9a 13.4±128.4b 7±4.4a Alkyl fragment 

ms45.033 45.0340 C2H4OH+ 166.6±74.1b 71.9±17.9a 39.6±37.9a Acetaldehyde 

ms45.992 45.9871 CHSH+ 1.22±0.06b 1.17±0.04a 1.19±0.05a - 

ms46.029 46.0287 CH3NOH+ 1.3±0.5b 1.5±0.3b 1.3±0.2a - 

ms47.013 47.0128 CH2O2H+ 9.5±5.4b 9.4±2.5ab 8.8±1.7a Formaldehyde 

ms47.025 47.0245 H2N2OH+ 3±0.3b 2.8±0.2a 3.1±0.3b - 

Ms47.049 47.0497 C2H6OH+ 24.78±41.05ab 57.34±64.42a 26.63±74.45b Ethanol 

ms49.011 49.0112 CH5S+ 2.4±1.5c 0.7±0.5a 1.4±0.8b Methanehtiol 

ms53.039 53.0391 C4H4+ 1.1±0.4b 0.6±0.2a 0.5±0.2a - 

ms55.055 55.0548 C4H6H+ 25.2±8.4b 13.7±4.2a 10.1±4.8a Butanal fragment 

ms57.034 57.0340 C3H4OH+ 5.6±8.5b 1.4±1.5a 1.1±0.8a 
2-propenal/ acetyl 

fragment 

ms57.07 57.0699 C4H9+ 3.7±1.4b 3.4±1.5ab 3.1±0.9a 
Common fragment 

(alcohol, ester) 
ms58.041 58.0419 C3H5OH+ 2.1±0.9b 0.7±0.3a 0.3±0.4a - 

ms60.053 60.0525 C2[13]CH6OH+ 87.7±29.7b 15.7±12.5a 21.5±21.3a 2-propanone isotope 

ms61.028 61.0290 C2H4O2H+ 37.5±38.2b 29.7±14.7ab 20.3±35.1a Acetic acid/acetate 

ms63.027 63.0268 C2H6SH+ 9.1±3.5b 2.4±0.8a 9.8±5.7b Ethanethiol 

ms67.055 67.0547 C5H7+ 0.9±1b 0.6±0.3a 0.5±0.5a 2-pentanal fragment 

ms69.07 69.0704 C5H8H+ 14.8±27.1b 7.9±8.9a 4.8±15.5a 
Isoprene/ 3-hexen-2-

ol 

ms71.049 71.0491 C4H6OH+ 3.2±1.5b 1.7±0.6a 1.4±0.5a 
2-butenal/2,3-

butadien-1-ol/2-
butenal 

ms71.086 71.0855 C5H10H+ 1.3±0.2b 0.8±0.3a 0.9±0.3a 1(2)-pentene 

ms73.028 73.0284 C3H4O2H+ 1.1±0.4b 0.7±0.2a 0.7±0.1a Propiolactone 

ms73.065 73.0653 C4H8OH+ 147.7±26.8c 66.9±17.5a 97.2±30.3b 2-butanone/butanal 

ms75.029 75.0263 C3H6SH+ 1.9±0.3a 2±0.2b 1.8±0.3a - 

ms75.044 75.0441 C3H6O2H+ 3.1±3.1b 3.6±3.2b 1.7±1a Propanoic acid 

ms79.054 79.0542 C6H6H+ 0.8±0.2b 0.9±0.2c 0.7±0.1a Benzene 
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ms82.945 82.9950 C4H3S+ 0.6±0.2b 0.5±0.1a 0.6±0.2b - 

ms83.087 83.0860 C6H11+ 3.4±2.8b 2.1±1.6a 1.9±1.4a Hexanal fragment 

ms85.066 85.0653 C5H8OH+ 1.1±0.8b 0.6±0.2a 0.4±0.2a 
2-pentenal (E)/1-

penten-3-one 

ms87.044 87.0401 C4H6O2H+ 4.2±1.9b 1.1±0.8a 1.2±0.8a 
2,3-butanedione/γ-

butyrolactone 

ms87.081 87.0809 C5H10OH+ 143.3±46.9b 51.3±27.7a 23.7±33.6a 
2-pentanone/2/3-

methylbutanone 

ms89.061 89.0603 C4H8O2H+ 9.7±5.1c 7.5±2.7b 5±2.9a Butanoic acid/ acetoin 

ms90.95   1.7±0.1b 1.8±0.1b 1.7±0.1a - 

ms93.071 93.0704 C7H8H+ 1.3±0.9a 2.1±2.8b 1.2±3.6ab 
Toluene (=Methyl 

Benzene) 

ms96.961 96.9612 C2H2Cl2H+ 0.1±0.6a 1.1±0.7b 0.1±0.3a Dichloroethylene 

ms97.103 97.1012 C7H13+ 5.8±2b 2.9±1.2a 1.5±1.3a Heptanal fragment 

ms101.061 101.0597 C5H9O2H+ 1±0.4b 0.8±0.1a 0.7±0.1a 2,3-pentanedione 

ms101.097 101.0966 C6H12OH+ 3.3±1.3b 1.6±0.6a 0.7±0.9a Hexanal 

ms107.087 107.0497 C7H6OH+ 0.4±0.3a 0.8±1.2b 0.5±0.3a 
Benzaldehyde/ 1,3 
dimethylbenzene 

ms108.957   0.89±0.05b 0.86±0.04a 0.91±0.04b - 

ms109.103 109.1012 C8H13+ 0.49±0.11ab 0.5±0.22b 0.47±0.12a - 

ms115.085 115.0867 C5H10N2OH+ 0.6±0.2b 0.4±0.1a 0.4±0.1a - 

ms115.114 115.1117 C7H14OH+ 63.4±22.5b 27.9±14.9a 12.4±16.2a 2-heptanone 

ms143.147 143.1432 C9H18OH+ 1.5±0.5b 0.9±0.3a 0.8±0.3a 2-nonanone 

 

From the table it is possible to notice that the intensity of most peaks is higher for AGED samples compared 

to the other classes (59%) (Table 3.2). The same results were found for the measurements using O2
+ and NO+ 

as precursor ions, indicating the importance of oxidation phenomena during heat treatment in increasing 

the concentration of different VOCs (Table S1 and S2 in supplementary materials).  

The most abundant mass peaks found in the headspace of the “AGED” AMFs, measured with H3O+ ion, were 

m/z 45.033, 73.065 and 87.081 tentatively identified as acetaldehyde, 2‐butanone/butanal and 2‐

pentanone/diacetyl/2-/3‐methylbutanal, respectively. Such compounds were all described as key butter 

aroma compounds (38–40) and were previously found in a similar experiment (18). In particular, 2-butanone 

and acetone in milk have been reported to originate from cows’ feed (41) while acetaldehyde, diacetyl, 2- 

and 3-methylbutanal were found as important contributors of the aroma in sweet cream butter (42)  and 

some of them were reported to increase during storage at 4°C (43). The mass peak m/z 73.065, was the most 

concentrated compound as well in the “YES” class. This class had a significantly lower concentration of m/z 

73.065 than the “AGED” class but was significantly higher than the “NO” class. In this case, the SRI analysis 

can add relevant information where, by using NO+ as reagent ion, is possible to achieve a separation of 
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aldehydes and ketones since different reactions occurs (aldehydes undergo mostly a charge-transfer 

reaction with NO+ while ketones are subjected to ion-molecule association reactions).   

This separation is shown in the boxplots in Figure 3.2 for mass peak m/z 73.065: the aldehyde proportion 

(corresponding to butanal) at m/z 71.049 and the ketone (2-butanone) at m/z 102.054. A different trend is 

observed for the two compounds: the ketone in the “YES” class has higher concentrations (p < .01) than the 

“NO” class, while for the aldehyde the “YES” class has lower levels although only marginally significant (p  < 

.03). Different levels of 2-butanone may be due to the different type of feeding that was provided to the 

cows (41,44). This data indicates that the 2-butanone may be recognized by the panellists as a marker of 

freshness since it has been associated with buttery odour (45). The difference in concentration for the 

different classes, makes the ketone a potential quality marker; the compound needs to be over a certain 

concentration to meet industrial quality criteria but may be critical when samples reach higher 

concentrations possibly induced by thermo-oxidation processes. NO+ ionization mode also led to a 

separation of the mass peak m/z 115.113 tentatively identified as a mixture of heptanal and 2-heptanone, a 

potent odour-active compounds in dairy products (18). In this case the aldehyde and the ketone did not have 

different trends in the AMF classes but 2-heptanone had higher concentrations than the aldehyde. 2-

heptanone, has been reported in many different studies on both butter and butter oil aroma (14,42,45) and 

has been described as having a dairy-like odour (40). 
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Figure 3.2: Boxplots of relevant AMF mass peaks. A) m/z = 73.065- C4H8OH+  obtained with H3O+ as reagent ion, 

tentatively identified as a mixture of 2-butanone and butanal. B) m/z = 71.049 – C4H7O+  tentatively identified 

as butanal resulting from the hydride ion transfer reaction obtained with NO+ as reagent ion. C) m/z = 102.054 

– C4H8ONO+  tentatively identified as 2-butanaone resulting from the ion-molecule association obtained with 

NO+ as reagent ion.  

The spider plot in Figure 3.3 summarizes the profile of significant (p < .05) VOCs with concentration 

greater than 1.0 ppbV for the three different classes of AMF samples for the H3O+ mode. As already seen in 

the table, the “AGED” class presented more compounds with higher concentrations due to oxidation 

induced by the thermal treatment. This is summarized also by the TIC in the spider plot obtained by 

summing the signal of all these mass peaks: the “AGED” class has the highest levels, followed by the “NO” 

samples, which also have some mass peaks with the highest levels. 
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Figure 3.3: H3O+ mode. Spider plot of mass peaks selected from 1-way ANOVA and using a threshold value of 

0.5 ppbV. Values were centred and log scaled before being plotted.   

An illustrative example of this trend is m/z 101.098 tentatively identified as hexanal, one of the most studied 

volatile biomarkers for dairy product oxidation. Several studies confirmed that this compound – that has 

been associated with grassy/metallic-like off-flavour in butter and milk - increases during storage (46–49). 

Hexanal is produced from the auto-oxidation of n-6 polyunsaturated fatty acids (50) and therefore it is not 

surprising that storage at 50°C boosted its formation.  

In general, the “AGED” class had the highest concentration for most of the mass peaks, followed by the 

“NO” class which had higher levels than the “YES” class. This is in agreement with sensory analysis results 

of the industrial partner where the “gold” standard for a raw material is to have a neutral flavour as much as 

possible, without any off-notes. Therefore, samples are penalized when they present strong flavours.  

The “NO” class presented higher levels for m/z 33.033 that was tentatively associated with methanol. To the 

authors knowledge no previous GC-MS studies on milk fat or butter reported the presence of this compound 

in the food matrixes. This may be due to a different number of analytical factors related to the GC-MS 

methods. For example, some SPME fibres do not have a high affinity for this compound, methanol can be 

used as a solvent for extractions of VOCs or, due to its psychochemical characteristics (i.e.  low molecular 

weight, high volatility), the compound may elute under the air peak or at the beginning of the 

chromatogram and then is not been considered in the analysis. On the other hand, PTR-MS has found 
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methanol in both AMF and milk powders (Liu, Koot, Hettinga, de Jong, & van Ruth, 2018; Makhoul et al., 

2016; Pedrotti et al., 2018). Methanol formation from pectin has been reported in cow’s rumen fermentation 

from the hydrolysis of methyl esters by rumen microorganisms (52). The methanol may then be transferred 

to the milk and then to the AMF although at very low concentration. In the same study, it was also suggested 

that diets with different pectin contents may lead to differences in methanol formation. In our case the “NO” 

samples may then come from cows which were fed diets containing higher pectin contents. Other mass 

peaks that have a higher concentration (but still < 5.0 ppbV) in the headspace of the “NO” class are those 

associated to m/z 79.054 and 93.071, tentatively associated to aromatic hydrocarbons like benzene and 

toluene and possibly fragments of higher aromatic compounds or of other hydrocarbons (i.e. ethylbenzene, 

n-ethyltoluene, propylbenenze) (53). Aromatic hydrocarbons are known environmental contaminants in 

food due to their high volatility and attraction to fats. Benzene and toluene have been reported in different 

food volatile mixtures (54) and have been found in traces in butter, heated butter and milk in previous 

investigations with different analytical techniques (45,55–58). As well, Villenueve et al. (2013) found that 

pasture-fed cows produced milk with a higher level of toluene then cows fed hay and silage. Toluene could 

be a product of β-carotene degradation (59). The processing of hay and silage forages are known to degrade 

carotenoids and so the diet type may lead to differences in milk concentrations of carotenoid, leading to 

differences in toluene levels in the milk (60). In our case, these differences in toluene concentrations have 

been transferred to AMF and stress again the preeminent role of cow diet on the quality of the processed 

product.  Finally, another mass peak that had higher levels in the “NO” class and that can be used as another 

quality marker in the model definition is the m/z 96.961. This mass peak has been associated with a chloride 

compound (C2H2Cl2H+) based on m/z value and its isotopic ratios. The compound may be a fragment of one 

or more organochlorine pesticides residues like chlorinated derivatives of diphenyl ethane, the groups of 

hexachlorobenzene, hexachlorocyclohexanes and cyclodienes (61). Despite these pesticides has been 

banished for usage in agriculture in most countries worldwide, occurrence in different milk samples have 

been registered due to water contamination, use of pesticides in the control of ectoparasites directly in the 

animal and consumption of contaminated pastures and/or rations since the rates of reduction in 

organochlorine levels in the terrestrial environment are slow (61,62). 

The mentioned mass peaks may then be of primary importance for industrial quality control: they can help 

in discriminating samples of lower sensory quality although the link with sensory attribute cannot be direct. 

In fact, these defects may originate during the different steps of the supply chain or they may be the result 

of different types of the cow’s feeds (58). Also, they may come from latter stages during the raw material 

processes at the manufacturer level. Finally, non-optimal storage conditions and different packaging 

materials (18) may also led to increasing concentrations of these VOCs. Some of the highlighted markers 

may be directly correlated to the sensory perception and evaluation of the samples (e.g. hexanal, 2/3-methyl 

butanone) while some others may not be perceivable to the panel.  
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3.3.2 | PLS-DA classification 

3.3.2.1 YES vs NO vs AGED: 

Cross-validation of the models resulted in classification performances between 9 and 22% with the 

lowest error for the NO+ mode (see table S3 in the supplementary materials). Data obtained with H3O+ and 

O2
+ ionization modes presented a BER like the aggregate data (“reduced data”) matrix. Using the “reduced 

data” provided better classification results for the NO+ and the O2
+ ionization mode while it was the opposite 

for the H3O+ mode. In Table 3.3 are presented the confusion matrixes for the “YES” vs “NO” comparison for 

the 3 ionization modes and the aggregate data matrix.  The table contains the classification rates averages 

for each classification model. In table S3.4 (supplementary materials) can be found the same data for the 

comparison also with the “AGED” samples. 

3.3.2.2 YES vs NO:  

While the “AGED” class is relevant for observing how thermo-oxidation phenomena can affect the 

aroma profile, for industrial quality control purposes the “YES” vs “NO” classes comparison is more relevant. 

For this reason, all statistical analyses have been repeated by considering just this case.  

PLS-DA with two classes “YES” and “NO” has a considerably higher classification rate reaching a minimum 

average BER of 4% for NO+ mode when all mass peaks were considered (Table S3.3). Confusion matrixes in 

Table 3.3 indicate that for this ionization mode, when “raw data” were included in the model, just 3% of the 

samples were misclassified on average. The NO+ ionization mode has the best performance also when using 

“reduced data set”. The reason for a better performance of the NO+ mode may lay in the fact that this 

ionization mode provides an enhanced separation of aldehydes and ketones that are known to be critical in 

determining perceived flavour of food (63). It may then be interesting from an industrial point of view to 

have a closer look at the SRI system for quality control purposes. For the other ionization modes and the 

aggregated data matrix, the “NO” class, the most critical class for a quality control program, had a slighter 

higher chance to be misclassified then the “YES” class. When looking more in details at the misclassified 

samples, the sample “B” (sensory score 1.6), followed by sample “3”, “49” and “18” (sensory score: 1.1, 0.8, 

1.7) were the ones that, across all models, had the highest rate of misclassification. Most of these samples 

have scores near the acceptability threshold of 1.5 suggesting a good reliability of the predictive models built 

from PTR/SRI-TOF-MS data.     
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Table 3.3: Confusion matrixes of the different test sets. Average values were obtained by a 1000-
time prediction. Classification rates are reported in %. In the case of the aggregate matrix, the all 
masses dataframe was obtained by selecting all mass peaks that had a concentration above 1 ppbV. 

Predicted vs original Reduced data (selected masses) Raw data (all masses) 

H3O+ NO YES NO YES 

NO 82 18 84 16 

YES 11 89 8 92 

NO+ NO YES NO YES 

NO 97 3 97 3 

YES 6 94 3 97 

O2
+ NO YES NO YES 

NO 89 11 79 21 

YES 12 88 16 84 

Aggregate matrix NO YES NO YES 

NO 88 12 81 19 

YES 11 89 7 93 

 

Univariate data analysis confirms that for H3O+ mode “NO” samples presented a higher portion of mass 

peaks with higher concentrations than “YES” samples (75%, see Table 3.2). On the other hand, some 

markers with a significantly higher concentration in the “YES” class were identified (p > .001). When looking 

at compounds with relevant concentrations (> 1 ppbV) two mass peaks were identified: 63.027 and 73.065 

tentatively identified as ethanethiol/dimethyl sulphide and 2-butanone/butanal. As previously highlighted 

by the NO+ data, the “YES” category has a higher concentration of 2-butanone and it is probably recognized 

by panellists as a marker for good quality of the product. For ethanethiol/ dimethyl sulphide the finding is 

counterintuitive. Ethanethiol, is well known for its sulphurous vegetable-like aroma (64). Nevertheless it has 

been shown to have a positive impact on both beer and wine flavour (Liu, 2015), its higher concentration in 

the “YES” class was unexpected. It may be possible that this marker at low concentrations [< 10 ppbV] has 

a positive contribution to the quality perceived by the panel. However, more investigation is needed in this 

direction to clarify the contribution of this sulphur volatile compounds to the whole AMF aroma.  

3.4 Conclusions 

This research implemented a rapid non-invasive mass spectrometry method to classify industrial 

anhydrous milk fat (AMF) samples according to the indications of an industrial sensory quality assessment. 

The 39 AMF samples from different suppliers were classified based on sensory analysis conducted according 

to the industrial partner internal protocol and according to thermal treatment. PTR/SRI-ToF-MS method 

was applied to screen VOC emissions of these samples and both unsupervised and supervised multivariate 
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data analysis showed promising results in discriminating the three different classes (“YES”, “NO” and 

“AGED”).  

Univariate data analysis revealed some quality markers for each class giving indications about possible key 

compounds that should be monitored carefully during VOC headspace analysis. The implementation of 

other reagent ions added information for identification of these markers and provides better classification 

models. Particularly, samples that underwent thermal treatment (“AGED”) had the highest concentrations 

of VOCs, due to thermal oxidation. The “NO” class, which contained samples with sensory defects 

accumulated during the different steps of the food supply chain, presented few mass peaks at significantly 

higher levels than the other classes which may be used as quality markers. On the other hand, “YES” samples 

are, in general, characterized by lower VOC release indicating that a higher concentration of VOCs penalized 

the samples sensory evaluation.  

The more relevant comparison for industrial purposes, namely the one between “YES” and “NO” samples, 

PLS-DA showed a correct classification rate 

 between 80-97%. It is reasonable to speculate that with more representative sampling and with a more 

accurate definition of sensory data the volatilome analysis with the described method can be implemented 

profitably in industrial quality control programs.   

Future studies in this direction with larger sampling, should test the reliability of our model on a larger 

dataset to increase the classification rate by also selecting a pool of critical mass peaks and by further 

investigating the origin of the mentioned quality markers. These markers may be related to one or more 

stages in the food supply chain such as for example dairy cow feed, storage of milk samples and the 

manufacturing process. As well, more effort should be dedicated towards improving uncertainties linked to 

the industrial sensory evaluation, where an arbitrary score threshold was assigned to classify samples quality 

and an accurate definition of the evaluation error is missing.    
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3.7 Supplementary materials 

Table S3.1: Mass peaks in the headspace of anhydrous milk fat (AMF) analysed with O2+ as reagent 
ion. The mass peaks that were found significantly different among the classes (p < .01) and having 
a concentration above 0.5 ppbV in at least two classes were reported.  

Mass AGED NO YES 
ms29.042 1.24±0.51 0.73±0.35 0.67±0.32 
ms33.036 4.21±2.14 3.33±2.44 2.19±1.04 
ms36.019 11.55±0.24 11.44±0.24 11.67±0.22 
ms37.028 393.87±73.46 376.35±42.88 420.76±66.3 
ms38.033 0.58±0.11 0.55±0.06 0.62±0.1 
ms39.024 7.32±1.99 6.85±2.44 5.47±1.7 
ms41.039 12.73±4.41 11.48±4.89 8.76±3.44 
ms42.01 4.31±1.61 2.57±0.94 2.25±0.94 

ms42.045 2.03±0.61 2.65±1.48 1.93±0.81 
ms44.021 25.84±12.14 9.5±5.45 8.65±5.03 
ms55.017 1.42±0.82 0.94±0.26 0.7±0.15 
ms57.031 10.38±5.11 4.55±2.51 4.74±2.27 
ms58.039 45.97±26.85 17.49±14.05 12.4±9.45 
ms59.046 16.48±12.72 11.01±16.21 5.18±3.65 
ms61.026 0.7±0.58 1.57±1.19 0.49±0.32 
ms67.052 1.18±0.45 1±0.51 0.88±0.31 
ms71.047 14.73±9.16 6.52±5.64 4.61±3.64 
ms72.053 3.07±1.46 1.62±0.87 1.56±0.74 
ms73.06 0.94±0.54 0.54±0.26 0.6±0.33 

ms75.944 1.32±0.13 1.21±0.13 1.31±0.13 
ms80.987 0.24±0.44 1.37±0.94 0.22±0.28 
ms81.067 0.61±0.27 0.48±0.19 0.4±0.13 
ms85.062 1.51±1.05 0.84±0.72 0.52±0.41 
ms86.069 6.39±3.75 2.52±2.18 1.82±1.48 
ms87.075 1.12±0.95 0.45±0.41 0.31±0.28 
ms88.035 0.95±0.65 0.25±0.21 0.26±0.18 
ms89.945 0.55±0.04 0.57±0.04 0.53±0.04 
ms90.945 1.03±0.06 1±0.05 0.98±0.05 

ms125.954 1.37±0.09 1.35±0.08 1.41±0.08 
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Table S3.2: Mass peaks in the headspace of anhydrous milk fat (AMF) analysed with NO+ as 
reagent ion. The mass peaks that were found significantly different among the classes (p < .01) and 
having a concentration above 0.5 ppbV in at least two classes were selected. 

Mass AGED NO YES 
ms33.033 9.26±3.37 12.34±5.57 9.79±2.99 
ms43.017 108.57±39.68 44.54±13.27 40±22.06 
ms43.054 16.17±6.78 12.28±5.19 9.32±3.53 
ms44.022 2.8±1.03 1.33±0.38 1.1±0.59 
ms44.056 0.77±0.31 0.55±0.2 0.43±0.17 
ms46.991 13.57±1.01 12.14±0.37 13.98±1.44 
ms48.007 252.47±120.28 190.77±28.04 279.15±75.66 
ms49.006 1.29±0.55 0.96±0.14 1.41±0.37 
ms50.006 1.71±0.42 1.46±0.12 1.84±0.31 
ms53.038 0.73±0.17 0.52±0.13 0.46±0.09 
ms61.028 1.29±0.88 0.89±0.37 0.67±0.52 
ms62.018 4.15±2.28 1.1±0.34 4.81±3.14 
ms64.002 3.86±2.43 2.57±0.49 4.44±1.51 
ms68.058 2.99±0.83 2.12±0.63 2±0.57 
ms69.069 3.04±1.04 2.59±1.04 2.38±0.71 
ms71.085 3.01±1.2 2.15±0.79 1.95±0.71 
ms78.047 0.76±0.21 0.67±0.14 0.5±0.16 
ms81.07 3.36±1.04 2.19±0.54 1.94±0.59 

ms82.044 0.64±0.21 0.57±0.1 0.4±0.09 
ms82.075 1.11±0.31 0.94±0.27 0.83±0.28 
ms83.049 2.38±1.74 1.15±0.5 0.82±0.34 
ms84.081 4.74±2.02 2.31±1.11 1.87±1.3 
ms85.064 16.79±11.67 11.76±10.87 7.76±9.81 
ms85.102 1.31±0.95 0.84±0.46 0.76±0.56 
ms86.071 9.81±3.92 3.98±1.82 3.48±2.82 
ms88.039 52.37±25.41 10.74±7.49 17.58±15.57 
ms90.021 1.15±0.83 0.59±0.3 0.58±0.63 
ms91.055 1.02±0.37 1.83±1.02 1.16±0.63 
ms95.085 1.17±0.33 0.78±0.16 0.77±0.19 
ms98.061 4.86±2.04 2.4±1.14 1.88±1.36 
ms99.054 0.92±0.29 0.55±0.14 0.54±0.19 
ms99.08 3.79±1.86 2.08±0.85 1.7±1.06 

ms100.079 0.79±0.24 0.57±0.13 0.56±0.19 
ms102.054 8.8±2.08 4.2±1.09 6.06±2.02 
ms106.078 1.34±0.82 3.52±2.87 1.35±0.65 
ms112.079 0.53±0.22 0.36±0.24 0.26±0.13 
ms113.096 4.75±2.23 2.17±1.02 1.8±1.43 
ms114.102 1.96±0.95 0.97±0.48 0.74±0.61 
ms115.114 1.13±0.8 0.33±0.22 0.38±0.47 
ms116.07 24.8±10.4 8.7±4.84 7.85±7.23 

ms118.052 0.93±0.4 1.1±0.34 0.69±0.19 
ms126.092 2.3±1.08 1.09±0.57 0.82±0.69 
ms127.101 1.3±0.56 0.65±0.28 0.55±0.37 
ms144.101 13.22±6.81 5.54±3.18 4.43±4.34 
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Table S3.3: Balanced Error Rate (%) obtained by Partial Least Square Discriminant Analysis (PLS-
DA) for the 3 ionization modes and the aggregate matrix resulting from the data fusion. In the 
brackets the number of components selected for each classification model is indicated.  

Data 
YES vs NO vs AGED BER (n. 

components) 

YES vs NO BER (n. 

components) 

H3O+ selected 22% (6) 14% (4) 

H3O+ all masses 15% (7) 11% (5) 

NO+ selected 9% (3) 7% (3) 

NO+ all masses 11% (6) 4% (6) 

O2
+ selected 17% (5) 14% (4) 

O2
+ all masses 20% (5) 20% (3) 

All df selected masses 20% (3) 13% (2) 

All df all masses > 1 ppbV 16% (3) 16% (2) 
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Table S3.4: Confusion matrixes of the different test sets. Average values were obtained by a 1000-
time prediction. Classification rates are reported in %. In the case of the aggregate matrix, the all 
masses dataframe was obtained by selecting all the mass peaks that had a threshold above of 1 ppbV. 

Predicted vs original Selected masses All masses 

H3O+ AGED NO YES AGED NO YES 
AGED 94 0 6 93 1 7 

NO 13 59 28 7 69 24 
YES 4 30 66 14 17 69 
NO+ AGED NO YES AGED NO YES 

AGED 90 3 7 80 9 11 
NO 3 71 26 7 81 12 
YES 11 20 69 15 18 68 
O2+ AGED NO YES AGED NO YES 

AGED 91 9 0 87 10 3 
NO 6 88 6 1 86 13 
YES 3 11 87 13 20 67 

Aggregate matrix AGED NO YES AGED NO YES 

AGED 97 3 1 88 0 12 
NO 2 79 19 1 81 18 
YES 0 21 79 10 16 74 

 

For H3O+ and NO+ both the NO and the AGED class were mostly confused with the YES class while the YES 

class was mostly confused with the NO class. The same is true for the aggregate matrix. For O2
+ the AGED 

class was mostly confused with the NO class while the YES class was mostly confused with the NO class 

both when using all the features and the selected ones. 
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Abstract 

Lactose‐free dairy products undergo several chemical modifications during shelf life due to the 

reactivity of glucose and galactose produced by the lactose enzymatic hydrolysis. In this study, proton 

transfer reaction‐mass spectrometry (PTR‐MS), coupled with a time‐of‐flight (ToF) mass analyser, was 

applied to get an insight on the phenomena occurring during the shelf life of ultra‐high‐temperature (UHT) 

lactose‐free milk (LFM). UHT LFMs produced by three different commercial lactase preparations were 

evaluated during storage at 20°C over a 150 days period, sampling the milk every 30 days. Production was 

repeated three times, on three consecutive weeks, to take milk variability into consideration. Principal 

component analysis applied to the whole “volatilome” data demonstrated the capability of PTR‐ToF‐MS in 

detecting the milk batch‐to‐batch variability: freshly produced milk samples were distinguished based on 

the week of production at the beginning of shelf life. Additionally, a clear evolution of the volatiles organic 

compounds (VOCs) profiling during storage was highlighted. Further statistical analysis confirmed VOCs 

temporal evolution, mostly due to changes in methyl ketones concentration. Differences caused by the 

commercial lactases did not emerged, except for benzaldehyde. All together data demonstrated PTR‐ToF‐

MS analysis as a valuable and rapid method for the detection of changes in the VOCs profiling of ultra‐high‐

temperature lactose‐free milk. 

 

Keywords: lactose‐free milk, lactose hydrolysis, PTR‐MS, shelf life, VOCs.  
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4.1. Introduction 

Complications related to lactose malabsorption have gathered the attention of both scientists and 

consumers in the recent past(1). The increasing demand of healthier foods may push the preference for 

lactose‐free milk (LFM) over conventional milk even among consumers which are not lactose‐intolerant (2). 

In this scenario, LFM have experienced a valuable increase in market shares (3) and today represents a staple 

product in the diet of many consumers. 

Milk sensory quality is driven by absence of odour and aftertaste, yet rejection might arise due unpleasant 

reaction occurring during shelf life(4). Focusing on LFM, manufacturing is not trivial and it poses additional 

challenges. For example, even though heating the milk at ultra‐high‐temperature (UHT) guarantees a 

prolonged shelf life (5), the presence of free glucose and galactose produced by lactose hydrolysis renders 

the product susceptible to Maillard reaction (6). Moreover, most UHT LFMs are produced by adding free 

soluble β‐1,4‐galactosidase (lactase) to milk (3). The commercially available options were found to contain 

arylsulfatase and proteolytic side activities which can potentially modify the sensory quality of milk during 

shelf life(2,7). In a study conducted by Stressler and co‐workers (2016) for example, arylsulfatases from the 

β‐1,4‐galactosidase altered the odour of milk imparting a defect recognized as “cowshed‐like”(8). 

Differently, proteolysis leads to the release of peptides and free amino acids in milk. The phenomena may 

confer bitterness and astringency to the product (9), as well as provide further substrate for formation of 

volatiles and non‐volatile compounds by Maillard reaction (10). 

Therefore, the importance of volatiles organic compounds (VOCs) in defining the quality of UHT LFM during 

shelf life is unquestionable. VOCs are responsible for the complexity of food flavour and aroma, as their 

release occur at each step of production, storage and consumption (11). In this frame, it appears relevant to 

develop methodologies that allow a fast and reliable analysis of VOCs to monitor the quality of food 

products (11). Proton transfer reaction‐mass spectrometry (PTR‐MS) was reported as a successful 

methodology for rapid, non‐invasive, sensitive assessment of VOCs in food science (11,12). The instrument 

exploits the ionization of VOCs by proton transfer from H3O+ and registers a mass spectrum in which the 

measured signal and the mass/charge ratio (m/z) of the ions are plotted together (13). In the dairy sector, 

applicability of PTR‐MS has been previously verified on various products such as grana‐type cheeses (14,15), 

butter (16) and yoghurt (17). When PTR is coupled with a quadrupole detector, distinction of molecules by 

PTR‐MS is limited (18). Better resolution and detection were achieved when the instrument was coupled 

with a time‐of‐flight (ToF) mass spectrometer (17). 

Different approaches have been previously applied to evaluate the VOCs profiling of UHT LFM during shelf 

life. For example, dynamic headspace (DHS) GC‐MS was applied by Jansson and co‐workers (2014) to 

investigate differences in VOCs evolution between UHT LFM and conventional UHT milk over a 9‐month 

storage (19). Fifteen VOCs were quantified using external standards and a sharper increase in concentration 



Chapter 4

90	

Application of PTR-ToF-MS for the quality assessment of lactose-free milk: 

90  

was registered by the lactose-free. Together with other analysis, the study demonstrated stronger 

occurrence of Maillard reaction in LFM. As a solution, the same research group published an article 

proposing the addition of green tea extract (GTE) to UHT LFM to inhibit the proceeding of the reaction (6). 

They studied the volatiles profile of UHT LFM added with GTE again by DHS GC-MS and a significant 

decrease of specific VOCs was demonstrated. Troise and co-workers (2016) applied solid-phase micro 

extraction (SPME) GC-MS for the evaluation of VOCs in commercial UHT LFM samples (7). In that case, 

external standards were injected and the analysis was limited to specific VOCs. The results shown different 

temporal trend in the evolution of the compounds depending on the commercial samples. Different degrees 

of proteolytic activity in the lactases used by producers was suggested as main responsible for such 

variations.  

From the studies mentioned above it was clear that UHT LFMs is highly sensitive to changes in the 

“volatilome” during shelf life. The production process, the lactase preparations and storage conditions play 

a crucial role in the definition of the final product quality. In this frame, the present study aims to investigate 

the application of PTR-ToF-MS to characterize how the VOCs profile of UHT LFM evolves during shelf life at 

20°C. By pairing PTR-ToF-MS with an auto-sampling system, we attempt a rapid characterization of the 

milk thanks to the high speed of the analysis, which allowed us to measure one sample per minute. To our 

knowledge, despite relevant published literature on the VOCs formation in UHT LFM during shelf life, this is 

the first time in which the task is performed by the rapid PTR-MS technique.  

4.2. Materials and Methods 

4.2.1 | Chemicals 

4-methyl-2-pentanone (purity ≥ 99%) used as internal standard for gas chromatography mass 

spectrometry (GC-MS) analysis was purchased from Sigma-Aldrich (Steinheim, Germany). 

4.2.2 | Preparation of the lactose-free milk samples 

Manufacturing of UHT LFM was carried out industrially on three consecutive weeks to include the 

milk batch-to-batch variability in the experimental design. A schematic drawing of each week of production 

is illustrate in Figure 4.1. Three different commercial lactase preparations were purchased and employed for 

the experiment (Lac1, Lac2 and Lac3). Semi-skimmed milk was firstly pasteurized and employed for the 

production of the samples. The commercial lactase was added to the milk and lactose conversion lasted for 

about 25-35 hours at refrigerated conditions. UHT treatment was then applied and the milk was packed 

aseptically.  A 150-days shelf life simulation was performed, storing the samples in a climate chamber at 

20°C under controlled conditions. Samples were collected at time 0 and every 30 days and stored at -80°C 

until the analysis was performed. A 5 mL of each UHT LFM was placed into 20 mL glass vials (Supelco, 

Bellefonte, PA, USA). Prior to analysis, samples were thawed at room temperature until thoroughly 
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defrosted. Empty vials were used as blanks while the repeated measurement of a reference milk was used 

as quality control.  

 

Figure 4.1: Simplified representation of the experimental design. UHT LFM was produced adding the three 

different commercial lactases (Lac1, Lac2, Lac3) prior to UHT treatment. Manufacturing of the three LFM 

occurred on three consecutive days within the same week of production. The experiment was replicated three 

times (namely on three different weeks of production) in the same manner to have three production replicates 

for each UHT LFM and take the milk batch-to-batch variability into consideration. All the LFM samples were 

stored at 20°C under controlled conditions for the shelf life study. As soon as after production (0 days of storage), 

sampling was then performed every 30 days until 150 days of storage.   

2.3 | GC-MS measurements 

In concomitance with the PTR-ToF-MS measurements, to identify the compounds responsible for 

the mass peaks observed, headspace solid phase microextraction (HS-SPME) GC-MS analysis has been 

carried out. The analysis was carried out both at the beginning and at the end of the shelf life study (namely 

at 0 and 150 days of storage) on the UHT LFMs from the first week production. Measurements were based 

on the methodology already applied by our research group in previous studies (20). VOCs extraction was 

performed at 40°C for 60 min with a 2 cm DVB-Carboxen–PDMS SPME fiber. Volatiles compounds were 

desorbed at 250°C in the injector port of a GC interfaced with a mass detector operating in an electron 

ionization mode (70 eV). Mass scan ranged from m/z 33 to 300 (GC Clarus 500, PerkinElmer, Norwalk, CT). 

An auto-sampling system (CTC combiPAL, CTC Analysis AG, Zwingen, Switzerland) was used to manage 

the measurement in an automatic manner. A HP-Innowax fused-silica capillary column (30 m, 0.32 mm inner 

diameter, 0.5 μm film thickness; Agilent Technologies, Palo Alto, CA) was used for the separation of the 

compounds. Linear retention indices (RIs) were calculated and, using the NIST-2014/Wiley 7.0 libraries, an 

identification of VOCs was provided. 

4.2.4 | PTR-TOF-MS measurements 

The set-up of the measuring conditions was based on PTR-MS procedures described elsewhere(21). 

Briefly, a PTR-TOF-MS 8000 (Ionicon Analytik GmbH, Innsbruck, Austria) operating in V mode (standard 
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configuration of the instrument) was used for measuring the samples headspace. The following ionization 

conditions were set in the drift tube: extraction voltage of 24.3 V, drift voltage of 628 V, drift temperature 

of 110°C, and drift pressure 2.78 mbar corresponding to an E/ N value of 128 Townsend (1 Td = 10−21 V·m2). 

The mass resolution (m/Δm) was higher than 3800. All measurements were automatically performed using 

an auto-sampling system (Gerstel GmbH, Mulheim am Ruhr, Germany) connected to the PTR-MS inlet, 

namely a PEEK capillary tube (inner diameter, 0.40 mm), heated at 110°C. Vials containing the milk samples 

were incubated at 50°C for 30 minutes prior to analysis. Three instrumental replicates were measured for 

each HLM UHT sample. Each vial was measured for 60 seconds (flow rate of 35 sccm) with an acquisition 

rate of one spectrum per second (m/z range: 21 – 300). 

4.2.5 | Peak selection and data handling 

Results of the extracted m/z were expressed with three decimal places. The procedure of dead time 

correction, peak extraction and internal calibration of the data was based on a previous article published by 

Cappellin and co-workers (22). The following mass peaks were used for internal calibration: 21.0221 (H3O+), 

29.9974 (NO+), and 203.9430 (1,3-diiodobenzene fragment). The latter was continuously injected as internal 

reference throughout the PTR-TOF-MS analysis using the PerMaSCal device (Ionicon, Innsbruck, Austria). 

The formula proposed by Lindinger et al. (1998) was applied by assuming a constant reaction rate coefficient 

of kR = 2 x 10-9 cm3/s to express the results in absolute concentrations (ppbV, part per billion by volume) (23). 

This approximation lead to a systematic error that in most cases was below 30% for all the compounds (24). 

Mass spectra signals were averaged over 30 spectra. 

4.2.6 | Statistical analysis of the results 

13C isotopologues and interference masses were removed from the dataset. Mass peaks detected in 

the samples were compared with the blanks via Student t-test applying Bonferroni correction to select those 

mass peaks significantly higher than blank. On this reduced dataset, principal component analysis (PCA) 

was performed after log-transformation and Pareto scaling to explore pattern in the data. For data 

exploration, replicates of production were kept separated to visualize the different milk batches. Loadings 

considered relevant in defining the trends of the PCA, namely the ones with values ≥ 0.15 and ≤ -0.15 on the 

1st component and those ≥ 0.10 and ≤ -0.10 on the 2nd component, were further considered to reduce the 

dimensionality of the dataset. Selected mass peaks on which a tentative identification was attempted were 

reported in a summary table (Table 4.2). The table was also implemented with those compounds discarded 

by the described dataset reduction procedure but revealed by the GC analysis. Mean ± standard deviation 

of the 3 instrumental replicates coming from the 3 different batches of production (n=9) was further 

considered for each selected peak mass. 2-ways ANOVA with Tukey post-hoc was applied when necessary 

to investigate the evolution of the selected VOCs in UHT LFM samples. A α≤ .05 was chosen as threshold for 
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significant differences. Statistical analysis was performed using the software package STATISTICA 13.3 

(StatSoft, Inc., Tulsa, OK, USA) and the R packages FactoMineR and factoextra. 

4.3. Results and Discussions 

4.3.1 | VOCs fingerprinting by PTR-TOF-MS 

In total 368 mass peaks were extracted from the PTR-ToF-MS spectra and 268 mass peaks were 

found significantly higher than blanks. Principal component analysis was performed to explore the spatial 

distribution of the UHT LFM samples as function of the considered mass peaks. Pareto scaling was applied 

to adjust different fold changes among the variables and penalize the ones with large variation in the 

measurements, most likely associated to noise (25). Figure 4.2 shows the score plot of the 1st and 2nd 

principal component (PC1 and PC2), explaining respectively 43.81% and 10.90% of the total variance. The 

analysis distinguished the UHT LFM as function of the batch of production. Moreover, the effect of storage 

time was also highlighted. At 0 days of storage, the three different replicates (weeks) of production were 

somehow separated. The effect seemed to be explained by the combination of PC1 and PC2. Batch-to-batch 

milk variability appeared not relevant at intermediate and final stages of shelf life. Batch-to-batch variability 

in UHT lactose-free milk was already reported by Jansson and co-workers (2014) (26). In that case, variations 

emerged due to initial differences in ketones concentration. Many factors can render the VOCs profile of 

milk variable among different batches of production. For example, changes in composition of the pasture 

fed to cows can convey different aromas to the milk (27). From the results, we can conclude that the applied 

PTR-ToF-MS methodology was appropriate to discriminate UHT LFMs coming from different batches of 

milk. Nevertheless, from the explorative analysis the three commercial lactases (Lac1, Lac2 and Lac3) did 

not lead to a clear distinction of the samples, suggesting a similar VOCs profiling among the products during 

shelf life. 
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Figure 4.2: PCA score plot of the 1st (PC1) and 2nd (PC2) component, which describe respectively the 43.81% and 

10.90% of the total variance. Analysis was performed on the Pareto scaled and mean‐centered data including 

all the time points.  

4.3.2 | Mass peak identification by HS-SPME GC-MS 

HS-SPME GC-MS analysis was carried out in support to the tentative identification of the mass 

peaks detected by PTR-ToF-MS. A total of 24 VOCs was identified in the headspace of the UHT LFMs (Table 

4.1). The profile was in line with the literature available on the topic (7,26). The compounds detected by HS-

SPME GC-MS with higher frequency were ketones. The class is considered a good indicator of deterioration 

of the milk upon heating, as their formation goes hand to hand with the severity of the treatment(28). 

Ketones were followed by aldehydes in terms of incidence. Even in this case, all the 4 identified aldehydes 

were reported in UHT lactose-free milk by other authors (26). Besides the detection in UHT milk straight 

after production, aldehydes and methyl-ketones are important VOCs to monitor because of their 

contribution to the stale and oxidize flavour of the milk during storage (29). 
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Table 4.1: Volatiles compounds identified by HS-SPME GC-MS in the headspace on UHT LFM 
produced along the first replicate (week) of production both at the beginning and the end of the 
shelf life study (namely at 0 and 150 days respectively). 

Volatile compounds Rta RIb 
2-butanonec 2.67 909 

2-methylbutanal 2.86 920 

2-pentanone 4.02 985 

Toluene 5.47 1050 

Dimethyldisulfide 6.35 1087 

Hexanal 6.62 1099 

Ethyll-benzene 7.91 1138 

2-heptanone 9.66 1190 

Xylene 9.73 1192 

2-nonanone 16.56 1394 

Nonanal 16.69 1398 

Benzaldehyde 20.91 1531 

1-octanol 22.23 1574 

2-undecanone 23.13 1604 

γ-Butyrolactone 24.05 1636 

Aceto-phenone 24.77 1660 

2-tridecanone 29.12 1816 

Dimethyl-sulfone 31.55 1908 

Hexanoic acid 31.10 1891 

p-cresol 36.18 2095 

m-cresol 36.36 2102 

Octanoic acid 36.42 2105 

δ-decalactone 38.64 2199 

Decanoic acid 42.24 2295 
a Retention time (min)         
b Linear retention index 
c Compounds tentatively identified matching the NIST-2014/Wiley 7.0 libraries 

 

Mass peaks considered relevant for the trends showed in the PCA (Figure 4.2) were investigated in 

more details and those tentatively identified are summarized in Table 4.2. The identity of 11 VOCs was 

confirmed by the results of HS-SPME GC-MS analysis. Additionally, the table was also implemented with 

the mass peaks whose identification was attempted based on relevant literature, the chemical formula and 

the fragmentation pattern (21,30,31). This led to a total 18 VOCs associated to a mass peak identified in the 

UHT LFMs headspace. Mass peak m/z = 73.064 (associated to 2-butanone/butanal) was the reported 

compound which registered the highest abundancy (ppbV) at the end of the shelf life period. It was followed 

by m/z = 69.070, m/z = 63.026 and m/z = 49.011. These masses were associated respectively to isoprene, 

dimethyl sulphide (DMS) and methanethiol (MeSH). Some compounds were present at higher 

concentration but, as the trend shown by the PCA was not considered relevant and a match with the GC-MS 

results was not found, it was chosen to leave them out from the summary table. Mass peak m/z = 45.033 is a 

clear example. It was associated to acetaldehyde, a well-known index of light oxidation in dairy products 
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(32). Its concentration in the headspace ranged between 3.58 ppbV and 77.08 ppbV throughout the storage 

of the UHT LFMs. However, the impact on the PCA (Figure 4.2) was tiny, so it was decide to exclude it from 

further statistical considerations. 

4.3.3 | Effect of storage time on the VOCs profile  

Two-ways ANOVA and Tukey HSD were performed to investigate the effect of storage time and 

commercial lactases on the reported mass peaks. The analysis highlighted the presence of significant 

differences among UHT LFMs due to storage time. In fact, most of the reported mass peaks were found at 

significantly higher concentrations at the end of the storage (150 days of storage) compared to the freshly 

produced samples (0 days of storage). Mass peaks tentatively associated to methyl ketones registered a 

significant increase during storage for all the UHT LFMs produced with the three commercial lactases. All 

the methyl-ketones detected by PTR-ToF-MS were also confirmed by the HS-SPME GC-MS analysis, except 

for mass peaks m/z = 129.128, associated to 2-octanone/octanal. It is not the first time that this VOC is 

reported in UHT milk (33). However, in our study the compound was detected at very low levels (< 0.05 

ppbV). 2-pentanone (m/z = 87.081) and 2-heptanone (m/z = 115.112) were the methyl-ketones that 

experienced the most remarkable increase during shelf life. In the freshly produced samples, 2-pentanone 

was present in the range of 0.40-0.48 ppbV and increased up to 1.23-1.40 ppbV depending of the lactase 

preparation employed (Lac1, Lac2, Lac3). 2-heptanone followed a similar trend: it increased progressively 

from 0.55-0.60 ppbV and it reached 1.22-1.35 ppbV after 150 days of storage. Significant increase of methyl 

ketones during shelf life was already described both for conventional and UHT lactose-free milk. Jansson et 

al. (2014) reported higher rates of increase of methyl ketones in the latter (19). Methyl ketones are formed 

upon heating either by the decarboxylation of β‐keto fatty acids or the β‐oxidation and decarboxylation of 

free saturated fatty acids (34). Jensen et al. (2015) estimated the class as good predictor for the development 

of “stale flavour” during shelf life of lactose-free milk (10). 

Even though an overall increase in VOCs in UHT LFM was registered during storage, some mass peaks 

followed a different trend. Mass peak m/z = 49.011, tentatively identified as methanethiol (MeSH) decrease 

during storage, although the drop was not statistically significant when biological variability of the milk was 

considered. Methanethiol is formed from methional and contributes, together with other volatiles sulphur 

compounds, to the “cooked flavour” of pasteurized and UHT milk (35). Presence of free methional in the 

milk could therefore justify detection of MeSH in our experiment. Temporal decrease of MeSH is reasonable 

because it reflects the proceeding of oxidation, which might lead to the formation of DMS and H2S (35). 

Protein-bound methionine is also the precursor of DMS (m/z = 63.026) so its significant increase might be 

also associated with the decrease of MeSH during storage. Thus, the result indicated possible degradation 

of methionine during storage of UHT LFM, already reported in the literature and potentially imputable to 

the proteolytic side activity originally present in the commercial lactase preparations (7). 
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4.3.4 | Effect of the different types of commercial lactase preparations on VOCs profile 

Quality losses in UHT lactose-free milk has been associated with presence of proteolytic and 

arylsulfatase activities in the commercially available lactase preparations. Thus, besides storage time, the 

effect of different commercial lactase preparations (Lac1, Lac2, Lac3) on the VOCs profiling of UHT LFM was 

also investigated. Overall, almost all the mass peaks did not change significantly at each storage time based 

on the different lactases employed. At a first glance, the results might indicate that the tested commercial 

lactases were similar and led to an almost indistinguishable VOCs profile in the products. Alternatively, the 

manufacturing process might explain the similarity in VOCs profiling among the samples. The applied 

manufacturing process, so-called “in batch”, relies on the inactivation of the lactase by heating the milk at 

ultra-high-temperature (UHT) before packaging and storage (7,36). With regards to the proteolytic side 

activity of lactase, the literature lacks information concerning the relative stability upon heating. A review 

published by Dekker and co-workers (2019) reported that, when lactose hydrolysis is performed before the 

thermal treatment, the proteolytic side activity of the lactase is inactivated (36). The finding is in line with 

our results and the similar VOCs profiles detected by PTR-ToF-MS analysis might be a consequence of the 

applied process for UHT LFM manufacturing. Nevertheless, the analysis of the variance revealed the 

presence of significant differences for the mass peak m/z = 107.049. Basically, its concentration over time 

increased for all the UHT LFM samples following different trends (Figure 4.3).  
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Figure 4.3: Time evolution (day 0‐150) during storage at 20°C of the mass peak m/z 107.048, tentatively 

identified as benzaldehyde, of UHT LFMs produced with three different commercial lactase preparations (Lac1, 

Lac2, Lac3).  

This means that for m/z = 107.049, tentatively identified as benzaldehyde, the temporal evolution 

was dependent on the lactase preparations employed. UHT LFM produced with Lac1 and Lac2 were 

significantly higher in benzaldehyde both after 60 and 120 days of storage. At the end of the shelf life (150 

days), Lac1 was the commercial lactase preparation causing the highest release of benzaldehyde in the UHT 

LFM headspace. The concentration was significantly higher than samples produced with Lac3, but not in 

comparison to Lac2. Benzaldehyde can be considered a thermally induced compound in milk (37). The 

formation may occur alongside Maillard reaction starting from phenylalanine (6). The mechanism involves 

the conversion of the amino acid to phenylacetaldehyde via Strecker degradation and subsequent oxidation 

to benzaldehyde (38). Following this pathway, our results showed different extent of benzaldehyde 

formations possibly due to different degrees of proteolytic side activity in the tested lactases. A study 

published by Troise and co-workers in 2016 already reported changes of phenylalanine and benzaldehyde 

in a commercial UHT lactose-free milk produced by “in-batch” technology (7). In that case, release of 

phenylalanine was minimum and seemed not related to an increase of benzaldehyde during shelf life. On 

the other hand, only one commercial milk was evaluated and the lactase preparation employed by 

producers was unknown. Thus, further research on the link between phenylalanine and benzaldehyde is 

required. Eventually, the significant increase of benzaldehyde over time might suggest the heat stability of 

some proteolytic side activity natively present in the commercial lactase, another aspect which should be 

further investigated. 
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4.4. Conclusion 

In the present study, changes in the VOCs profile of ultra-high-temperature lactose-free milk (UHT 

LFM) during storage at ambient temperature were evaluated by PTR-ToF-MS coupled with a multipurpose 

autosampler. Applying PTR-ToF-MS, we significantly diminish the time of analysis. This allowed the design 

of a more complex experiment, in which several variables were simultaneously assessed. For example, the 

inclusion of different milk batches gave a realistic interpretation of industrial variability and allowed to 

experiment the response of PTR-ToF-MS in a complex lifelike situation. Batch-to-batch variability of the 

milk was highlighted by principal component analysis (PCA), which also denoted a temporal evolution of 

VOCs profiles of UHT LFMs during storage at 20°C. Different VOCs profiling induced by the different 

commercial lactases employed did not emerge for most of the identified mass peaks. Possibly, the UHT 

treatment, which in this case occurred after lactose hydrolysis, inactivated most of the side activity of the 

lactase preparations. However, the different evolution of m/z 107.049 (benzaldehyde) during storage might 

be associated with the lactase preparations employed: phenylalanine was pointed out as possible precursor 

of benzaldehyde formation and it can derive from the proteolytic side activity originally present in the 

lactases. Therefore, the study suggested benzaldehyde as possible marker to monitor in UHT LFM if the aim 

is to attempt a discrimination based on the lactase preparations used. However, understanding whether the 

slight variations found in the study can affect the final quality of the products is still uncertain.  
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Abstract 

While most of the hazelnuts (Corylus avellana L.)  are consumed after being toasted and mixed with 

other ingredients, for manufactures it would be important to have quality control tests on the raw product 

that they purchase from farmers and suppliers. In this study, the possibility to assess and predict sensory 

quality defects of raw hazelnuts based on volatilome analysis by proton transfer reaction mass spectrometry 

(PTR-MS) was explored. PTR-ToF-MS coupled with a multipurpose autosampler, was applied on three 

sample sets of raw hazelnuts classified according to industrial sensory evaluation. Firstly, the link between 

volatile markers for different visual and sensory defects was investigated. Uncompliant hazelnuts showed 

higher concentrations for a higher number of volatile compounds than good quality samples, included some 

key aroma compounds of hazelnuts. Secondly, by measuring samples constituted of different percentage 

of good quality and unacceptable quality hazelnuts, the method sensitivity in recognizing defects 

percentage was determined. For some VOCs a significant concentration difference was detected between 

samples containing 10 and 20% of unacceptable quality samples. Thirdly, data clustering was applied to set 

a sample classification model based on VOCs fingerprints obtained by different precursor ions (H3O+, NO+ 

and O2
+). The classification accuracy of unsupervised clustering was higher than 90% for all the ionization 

modes. The results suggest that the applied methodology is suitable to support sensory quality control 

programs of raw hazelnuts in confectionary industries. 

 

 

Keywords: Proton transfer reaction mass spectrometry, rotten hazelnuts, Corylus avellana L., quality 

control, volatile metabolome.  
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5.1 Introduction 

Hazelnuts (Corylus avellana L.) have a relevant role in agricultural market due to their nutritional 

value and their unique and distinctive flavour (1,2) which makes them appreciated as ingredient in a variety 

of food products. More than one million tons of hazelnuts were produced worldwide in 2017, being Turkey 

the main producer (67.1%) followed by Italy (13.1 %). The global hazelnut consumption has been evaluated 

of 0.52 billion USD and it has been estimated that in the next five years it will have a compound annual 

growth rate of 10.1% (3). Only 5% of hazelnuts production is intended for direct consumption while about 

95% is used and processed by confectionary, chocolate and bakery industries (4).   

Hazelnuts agroindustry market standards imply severe quality control: cultivar, cultural techniques, 

geographical origin, harvesting time, post-harvest management and processing, morphological and physio-

chemical characteristics and aroma are the main parameters monitored to assess the final quality of 

hazelnuts (5–7). 

The “rotten hazelnut” is one of the major defects affecting commercial quality, yield losses and market 

values being associated with negative sensory attributes, such as mold, old, bitter and earthy tastes (8). In 

commercial evaluation, rotten includes different kinds of defects like brown spotted or moldy nut kernels 

and can originate along the supply chain, especially during harvesting and post-harvesting stages. Sorting 

technologies able to recognize in a fast and non-invasive way defected nuts were tested in agroindustry and 

different researches tried to improve their sorting performance (9). However, most of the sorting 

technologies check only for visible defects which represent less than 50% of uncompliant products (8). 

Investigation of raw hazelnuts “volatilome” - the main responsible of hazelnuts flavour perception – could 

then be a valid alternative for quality control evaluation. Surprisingly, it has been evaluated only marginally 

as most of the studies have been focusing on volatile organic compounds (VOCs) and aroma produced after 

the roasting processes. Burdack-Freitag and Schieberle (2010) characterized and quantify 37 odour-active 

compounds in raw nuts, calculated the odour activity values of 19 odorants and tested them through aroma 

recombination experiments for Tonda Romana hazelnuts (11). In a recent study, Rosso et al. (12) presented 

a GCxGC-MS approach to evaluate high-quality hazelnuts volatilome evolution during the production chain. 

The approach showed that drying temperatures and storage have a relevant effect in affecting aroma 

potential.  

Due to the relatively low VOCs abundancy in raw hazelnuts it is necessary to develop sensitive 

methodologies for industrial quality control purposes: proton transfer reaction mass spectrometry (PTR-

MS) is a rapid and robust techniques that has been implemented in different food applications (13–15), also  

for raw material quality control (16–18).  

In this paper, we coupled industrial sensory evaluation to VOC emission fingerprinting obtained by 

PTR-ToF-MS in combination with a multipurpose autosampler (19), a Switching Reagent Ionization (SRI) 
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system (20), tailored data analysis and data mining tools to build predictive models for raw hazelnuts quality. 

This research includes three experiments realized on different sample sets aiming at (i) identifying possible 

VOCs markers linked to different levels of visual defects (light, dark and moldy rotten), (ii) determining 

method sensitivity in detecting defects when mixing different percentages of good quality and uncompliant 

products to simulate industrial application and (iii) setting efficient models to predict the sensory quality of 

raw hazelnuts based on non-invasive and rapid PTR-MS fingerprint.   

5.2 Material and Methods 

5.2.1 | Hazelnut samples 

For the first experiment (visual defects) two categories of raw hazelnuts samples (Corylus avellana 

L.) were considered: the good quality samples (YES), and the rotten samples. These samples were divided 

by the industrial evaluation in three different classes according to the degree and type of defect (8,21): 

samples characterized by internal discoloration of kernels which tends to opaque white to translucent, 

buttery yellow color (LIGHT), samples characterized by a darker color and by black spots (DARK) and 

samples characterized by white and green molds on the surface or inside (MOLD). These samples resulted 

from a visual inspection of different lots of Turkish hazelnuts (Akçakoca region) from 2017 harvest with a 

high percentage of rotten nuts. The visual inspection was conducted by the industrial partner on chopped 

hazelnuts according to the industry quality standards (see Figure 5.1). Each class of defected samples was 

measured as pure (100%) or as mixed with different quantities of “YES” sample (90%, 50%, 20% “YES”) after 

being ground.  

 

Figure 5.2: Example of raw hazelnuts samples analysed in the visual defects experiment. The rotten samples 

were divided in three classes of defects.   
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For the second experiment (sensory defects) two classes of ground raw hazelnuts samples (Corylus 

avellana L.)  were obtained: good quality samples (YES) and bad quality samples (NO). The sampling was 

based on industrial sensory evaluation and originated from Turkish hazelnuts (Akçakoca region) from 2016 

harvest and all samples had a selected caliber of 13-14 mm. The grains were then mixed to create different 

levels of defects to simulate real industrial applications (Table 5.1).   

Table 5.1: Sample description for the three experiments. For each sample the grained percentage 
that has been used, the number of replicates and PTR-MS ionization mode is indicated.  

Code Number of samples (percentages) Replicates (biologic) 
PTR-MS 

ionization mode 
Experiment 1: visual defects 

YES 1 (100%) 4 H3O+ 
PALE 4 (10, 50, 80, 100%) 4 H3O+ 
DARK 4 (10, 50, 80, 100%) 4 H3O+ 
MOLD 4 (10, 50, 80, 100%) 4 H3O+ 

Experiment 2: sensory defects: 
YES 1 (100%) 5 H3O+ 
NO 6 (5, 10, 20, 50, 80, 100%) 5 H3O+ 

Experiment 3: blind classification (for details see Table 2) 
YES 5 x 4 (blind replicates) 3 x 2 technical H3O+, NO+, O2

+ 
NO 5 x 4 (blind replicates) 3 x 2 technical H3O+, NO+, O2

+ 
REF 1 (Tonda Romana Gentile) x 4 3 x 2 technical H3O+, NO+, O2

+ 
 

For the third experiment (blind classifications) 44 samples were provided by the industrial partner in 

blind. These samples were four biological replicates of 11 different samples divided in classes according to 

industrial evaluation: good quality samples (YES), bad quality samples (NO) and some samples that 

represent industrial best reference for quality (REF). All samples had a selected caliber of 13-14 mm and were 

stored at 5 ±0.1°C with a controlled atmosphere (78% N2–21%O2) and with 65% of ERH (equilibrium relative 

humidity) except for one “YES” sample (“I”) that was stored at 5°C but in a modified atmosphere (99% N2–

1% O2). REF samples resulted from 2017 harvest and were from mono-cultivar Tonda Gentile Trilobata. “NO” 

hazelnut samples resulted from 2015 and 2016 harvests while “YES” samples from 2016 and 2017 harvests. 

Both “YES” and “NO” were a Turkish blend harvested in the Ordu and Akçakoca (AKC) regions. Additional 

details can be found in Table 5.2. Each sample was shipped as four blind replicates resulting in a total of 44 

samples.  

All raw hazelnuts from the three experiments, once collected from the industrial partner were stored at -

20°C ± 1°C. An overview of the samples measured is presented in Table 5.1. For the sake of clarity, in the 

paper we will refer to the experiments as: visual defects, sensory defects and blind classification 

experiments.  
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Table 5.2: Additional details on the samples of the third experiment. Different hazelnuts from 
different regions, different harvest years and with a different storage (controlled atmosphere) were 
selected. All the unshelled hazelnuts were stored at a 5°C temperature.    

Code Origin Year 
Storage 

atmosphere 
Tag replicates Sensory 

Sensory 

description 

A AKC 2016 78% N2–21%O2 1 2 3 4 NO Rancid 

B ORDU 2016 78% N2–21%O2 5 6 7 8 NO Weak old 

C AKC 2016 78% N2–21%O2 9 10 11 12 NO Old 

D ORDU 2015 78% N2–21%O2 13 14 15 16 NO Mold, rancid 

E AKC 2015 78% N2–21%O2 17 18 19 20 NO Mold, rancid 

F AKC 2016 78% N2–21%O2 21 22 23 24 YES  

G AKC 2016 78% N2–21%O2 25 26 27 28 YES  

H ORDU 2016 78% N2–21%O2 29 30 31 32 YES  

I AKC 2016 99% N2–1% O2 33 34 35 36 YES  

L AKC 2017 78% N2–21%O2 37 38 39 40 YES  

REF Piedmont 2017 78% N2–21%O2 R1 R2 R3 R4 REFERENCE 
Tonda Gentile 

Trilobata 

 

5.2.2 | Sample preparation 

Raw hazelnuts for the visual defects and blind classification experiments were ground by a IKA® A11 

basic analytical mill (IKA, China) under liquid nitrogen to keep samples frozen and to ensure uniform particle 

size distribution. This was done to include intra-batch variability and to estimate biologic variability. 

Approximately 15 grams of raw hazelnuts were grinded each time. 3.00±0.05 g grain hazelnuts were then 

transferred into 20 mL vials, which were previously conditioned for 1 day at 65°C in vials. For the visual 

defects experiment, measurements were performed in four replicates by preparing four different grains for 

each sample. For each lot of the blind classification experiment, three hazelnuts grains were prepared and 

measured in duplicate. For the sensory defects experiments, hazelnuts grains were already available and 

five replicates of 3.00 ± 0.05 g grain for each sample were prepared. All samples were kept at 6°C until PTR-

MS analysis. 

5.2.3 | Hazelnut sensory analysis 

For both the sensory defects and the blind classification experiment, sensory evaluation was carried 

out by 30 internal judges according to the “A – not A” test (ISO 8588:2017) where the sample under 

evaluation is compared to an industrial reference standard. First, panellists were instructed to evaluate 

odour intensity of the samples. Then, judges were asked to assess the flavour intensity by tasting the 

sample. After the evaluation, judges were asked to rinse the mouth with water. For the blind classification 
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experiment a flash profiling (22,23) with 15 panellists (aged between 30‐50 years, 6 women) was also 

conducted to give an indication of the aroma defect for the “NO” samples.  

5.2.4 | PTR\SRI-ToF -MS analysis 

All measurements were performed by using a multipurpose GC sampler (Gerstel GmbH, Mulheim 

am Ruhr, Germany) connected to PTR‐ToF‐MS through an heated PEEK capillary tube (D= 1 mm, T= 110°C) 

as previously described (24). All samples were incubated at 50°C for 25 minutes for headspace equilibration 

and then measured for 60 seconds with an acquisition rate of one spectrum per second and a flow rate of 35 

sccm. The measurement order was randomized, and, after each measurement, a waiting time of 3 minutes 

was set to prevent memory effects. Empty vials were used as blanks.  

A commercial PTR‐ToF‐MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria) in its 

standard configuration (V mode) was used. The instrument was equipped with a SRI system that allowed 

operation in H3O+, NO+ or O2
+ modes as described elsewhere (25,26). SRI was used only for the blind 

classification experiment. The instrumental conditions were as following: drift pressure 2.80 mbar, drift 

temperature 110°C, ion source current and drift voltages were adjusted according to the ion mode to get 

the optimal instrument conditions. Ion source current was set at 3.5 mA for H3O+ mode, 5.0 mA for NO+ and 

O2
+ ones.  A drift voltage of 537, 548 and 458 V was used for H3O+, NO+ and O2

+, resulting in an E/N value of 

128, 132 and 105 Td respectively. For the first and second experiment a radio frequency ion funnel to improve 

sensitivity (27) was used which resulted in a different drift voltage (628 V) and a ion funnel voltage of 18.2 V. 

In all cases, the mass resolution (m/Δm) was at least 3800, and data were collected for the mass range m/z 

from 20 to 250. 

5.2.5 | Data processing 

PTR\SRI‐ToF‐MS spectra were processed according to the procedure described elsewhere (28,29). 

In brief, internal calibration of the mass axis by using mass peaks 21.0221 (H3
18O+), 29.9974 (NO+), and 

203.9430 (fragment of 1,3‐Diodobenzene used as internal gas standard), dead time correction and peak 

extraction were performed to reach a mass accuracy of ∼0.001, sufficient for determining sum formula of 

volatile compounds. Peak intensities from the mass spectra were converted in concentrations in ppbV (parts 

per billion by volume) according to the procedure reported in Lindinger et al. (30), assuming a constant 

reaction rate coefficient (k = 2 × 10−9 cm3 s−1) which leads to a systematic error in the concentration 

estimation below 30% (31,32). For each sample, the average of the first 40 spectra of the headspace 

measurement was used for further data analysis. The experimental m/z values are reported up to the third 

decimal digits.  
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5.2.6 | Data analysis 

For the first and the second experiment the data extraction of PTR‐ToF‐MS spectra provided 292 

mass peaks for H3O+ mode. For the third experiment the data extraction of PTR/SRI‐ToF‐MS spectra 

provided 232 mass peaks for H3O+ and NO+ while 304 mass peaks were extracted for O2
+ mode. For all the 

data sets, a mass peaks selection procedure was applied to extract relevant information and reduce the 

noise signals associated to PTR‐ToF‐MS measurements by excluding: i) all peaks with a concentration not 

significantly higher than the blanks (t.test with p < .01 after Bonferroni correction for multiple tests), ii) 13C 

isotopologues with an exception when the parent ion had a saturated signal (e.g. m/z 43.021, 69.07 and 

73.065) and iii) signals related to interfering ions at m/z 29.997 (NO+), 32.998 (O2
+ isotope), 37.032, 55.039, 

73.050 (water clusters), 44.997 (CO2
+). This procedure allowed to select, in case of the first and second 

experiment, 179 and 212 mass peaks. For the third experiment 120 mass peaks for H3O+, 104 for O2
+ and 105 

for NO+ were selected which were used for further statistical analysis.   

For all experiments, preliminary principal components analysis (PCA) was performed after 

logarithmic transformation and mean centering of the mass peaks of the reduced data frames, for data 

visual inspection. One‐way ANOVA and post‐hoc test (Tukey honest significant difference) with Bonferroni 

corrections (P < .005) was performed to find the mass peaks that were significantly different for the 

hazelnuts classes. A further noise reduction was obtained by considering only mass peaks above a threshold 

of 0.5 ppbV for at least one of the classes. For the visual defects experiment, the classes with 100% of defects 

were used. The results of the analysis for the visual and sensory defects experiments were summarized in a 

table. Tentative peak identification was performed by using the in‐house library developed by the authors 

and through literature review (10,12,33–36).  

Finally, the reduced data sets obtained with the different ionization modes from the blind classification 

experiment, were scaled (mean centering and unit variance) and represented as heat maps. Firstly, a, K‐

mean clustering (with k = 2) was performed on the samples (columns) to divide between “YES” and “NO” 

classes. A hierarchical clustering on Manhattan distances with a Ward clustering method (37) was then 

applied on each of the two groups. For the mass peaks (rows) only hierarchical clustering was applied. The 

same was applied also to the data from the other ionization modes (NO+ and O2
+).  

Data analysis was performed with core functions of R programming language and its external packages 

(38,39) (ChemometricsWithR, mixOmics, multcomp, vegan, matrixStats, ComplexHeatmap, ggplot2) and 

Excel (version 14.0.7224.5000). 
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5.3 Results 

5.3.1 | The first experiment: VOCs linked to visual defects  

As presented in Figure 5.2, the first two components of PCA analysis explain about 79% of the total 

variability and the different hazelnuts classes (YES, LIGHT, DARK, MOLD) are distinguishable. The different 

hazelnuts are distributed in the space as clusters: particularly the PC1 separates the “YES” samples from the 

“DARK” and “LIGHT” while the PC2 separates the “YES” class from the “MOLD” class. According to the 

loadings plot, most of the mass peaks contributes to the PC1 and have a higher concentration for the 

“DARK” and “LIGHT” classes.  Research on specific causes of mold in hazelnuts is still scarce but most 

probably these two types of visual defects are originated by different type of microorganisms. While 

Mycospharella punctiformis has been associated to necrosis of kernel tips (black spots) and Nematospera 

coryli to kernel dark spots, Diaphorte genus and Septoria ostryae are commonly associated to the internal 

discoloration of kernels (8). The higher the percentage of these defects in the samples, the higher is the 

concentration of the mass peaks characterizing the PC1 and is possible to separate the “DARK” and “LIGHT” 

classes, indicating that different microorganisms produce different aroma compounds. The “MOLD” class 

is characterized by few specific mass discussed more in details in the next section while the “YES” class has 

a lower concentration of all VOCs.  

 

 

Figure 5.2: Score and loading plots of principal component analysis (PCA) for the first experiment (visual 

defects). The first two principal components are shown. The different colors indicate the different sample 

classes while the different sizes represent the different percentage of mixture of the samples. For each 

sample the four replicates are shown.  
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The distinction of the defected classes observed with the PCA was confirmed by univariate data 

analysis. Univariate data analysis found 105 mass peaks significantly different for at least one of the classes 

(P < .005) and are reported in Table S5.1 (supplementary materials). Table 5.3 is a reduced version of Table 

S5.1 where is reported a selection of the key compounds of hazelnuts (10,12,33–36) characteristic for each 

class.  

No peak was significantly higher for “YES” samples. This result is in line with the previous 

observation from the PCA where the “YES” samples were characterized by low intensities for most of the 

measured VOCs. The “DARK” class showed the highest portion of mass peaks significantly higher than the 

other classes (73%). The mass peaks 41.039, 42.034 and 87.077 tentatively identified respectively as an alkyl 

fragment, acetonitrile and 2/3-methylbutanal/2-pentanone/pentanal were the most concentrated 

compounds. The “LIGHT” class had 18 mass peaks with the highest concentration. Among these m/z 81.070, 

89.061, 99.083, 101.058 and 155.148 are associated to linalool/monoterpenes fragment, butanoic acid/ethyl 

acetate/acetoin, 2,3-pentanedione and 2-decenal/linalool. The “LIGHT” class, together with the “MOLD” 

class had also high levels of m/z 115.114 tentatively identified as a mixture of different compounds, including 

prenyl ethyl ether. This compound has been identified as a key component for a metallic, solvent like off-

flavour in hazelnuts when present together with significant concentrations of hazelnuts terpenes (40,41). 

The “MOLD” class had as well other 6 mass peaks that showed higher concentrations then the other classes: 

m/z 83.086, 87.042, 101.097, 109.102, 139.118 and 143.146. Most of these mass peaks were tentatively 

identified as aldehydes and ketones like the m/z 101.097 which could be hexanal, 3-methyl-2-pentanone, its 

isomer 2-hexanone or a contribution of all the three different molecules. The measurements performed on 

the third experiment with NO+ as primary ion - able to separate aldehydes and ketones (42) - can give further 

indications to disentangle the contributions of each compound. The m/z 99.082 resulting from the hydride 

ion transfer reaction of the aldehyde with NO+ presented a comparable concentration to the m/z 101.097 

obtained from the H3O+ dataset and associated to hexanal. On the other hand, the m/z 100.086 and 130.087 

in the NO+ dataset, that could correspond respectively to the 3-methyl-2-pentanone deriving from the 

charge-transfer reaction and to the 2-hexanone deriving from the ion-molecule association reaction with 

NO+ (depending on their different ionization energy), had lower concentrations (43) than the aldehyde. 

Hexanal and its fragment (m/z 83.086) originates from oxidation of unsaturated fatty acids, in hazelnuts 

mostly oleic and linoleic acid (44–46). Fungal growth, together with other factors, is known to be related to 

occurrence of oxidative processes and changes in the activity of hydrolytic enzymes (9,47). Therefore, the 

higher concentration of hexanal in the “MOLD” class possibly derives from an augmented hydrolysis of fatty 

acids due to fungal activity.  
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This leads to an increased production of free fatty acids that then, through auto-oxidation reactions, 

could lead to develop of rancidity, off-flavours and bitterness (48). The presence of specific volatile markers 

for the “DARK” and the “LIGHT” classes corroborates the hypothesis that the two classes of rotten defects 

originates from different type of microorganisms which affects the fruit metabolism differently.   

5.3.2 | The second experiment: sensory defects linked to VOCs threshold 

In the sensory defects experiment different mixtures composed by “YES” and “NO” samples were 

analysed. The results from the univariate data analysis, where 69 mass peaks were found to be significantly 

different in at least one of the mixtures (P < 0.005), are also shown in Table 5.3 and S5.1. These results 

confirmed the trend found for the visual defects experiment: samples with higher percentage of “NO” 

(defected) sample had higher VOCs emission. When comparing the 100% “YES” vs 0% “YES” all the mass 

peaks but two - m/z 101.058 and 129.081 tentatively identified as 2,3-pentanedione and 5-propyldihydro-

2(3H)-furanone - resulted to have a significantly higher concentration in the 0% “YES” class. It may be that 

when these compounds are over a certain concentration, the samples are penalized by industrial sensory 

evaluation and indicated as non-compliant.  

Some mass peaks were tentatively identified as key aroma compounds of raw hazelnuts aroma 

(11,35) as. e.g. m/z 129.128 which was tentatively associated to 3/5-methyl-4-heptanone, octanal or 2-

octanone (Figure 5.3A). The 5-methyl-4-heptanone is known for its fruity and hazelnuts-like aroma, it has a 

very low odour threshold (0.2 µg/kg in oil) and the highest odour active value after linalool in raw hazelnuts 

(10,11). The same authors hypothesized that this compound is biochemically  formed in the raw nut since 

the compound has been observed to decrease during roasting. This mass peak could be associated also to 

octanal (11,12). Again, to better determine the contribution of the aldehyde and the ketones for m/z 129.128 

it is useful to examine the NO+ data in the blind classification experiment. In this case, m/z 158.118 

corresponding to the compound obtained by the ion-ketone association reaction (M*NO+), has a 

concentration corresponding to the 10% (on average 0.1 ppbV) of m/z 127.114 resulting from the charge-

transfer reaction of the octanal with NO+. Based on these evidences, the authors believe that the 

concentration of m/z 129.128 showed in Figure 5.3A is mainly due to the contribution from octanal, even if, 

the contribution of the ketones mix (3/5-methyl-4-heptanone and 2-octanone) to the aroma, is still relevant 

due to their low odour threshold.  
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Figure 5.3: Boxplots of four relevant mass peaks for the samples of the sensory defects experiment.  A) m/z 

129.128 (C8H16OH+) tentatively identified as 3/5-methyl-4-heptanone, octanal or 2-octanone. B) m/z 127.118 

(C8H14OH+) tentatively identified as 5-methyl-(E)-2-hepten-4-one, 2-octenal and/or 2-ethyl-2-hexenal. C) m/z 

129.081 (C7H12O2H+) tentatively identified as 5-propyldihydro-2(3H)-furanone. D) m/z 101.058 (C5H8O2H+) 

tentatively identified as 2,3-pentanedione.  

m/z 127.112 (Figure 5.3B) was tentatively identified as 5-methyl-(E)-2-hepten-4-one, 2-octenal and/or 2-

ethyl-2-hexenal. The 5-methyl-(E)-2-hepten-4-one, also known as “filbertone”, is a key flavour compound 

in both raw and roasted hazelnuts. It occurs in two enantiomeric forms but the (S)-enantiomer was shown 

to be the prevalent form in hazelnuts (49). This compound has been evaluated as quality marker for 

determining hazelnut content of different hazelnut pastes (50,51) due to the fact that its content increases 

during roasting. Filbertone aroma has been described has fruity, hazelnut and dried fruit at low threshold 

(0.05 μg/L in water at 25°C) (52) while at higher concentrations (> 25 ppbV in water) the compound tends to 

smell metallic (53).   

When looking at the technique sensitivity in discriminating percentage of defected sample, the most 

common trend is the one showed by m/z 129.128 (Figure 5.3A) where a significant difference was found 

between the 80% and 50% “YES” samples. About 58% of the mass peaks reported in Table S5.1 had the 

A) 

C) 

B) 

D) 
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same trend, indicating that the technique can discriminate between samples contaminated with 20% and 

50% ground hazelnuts of poor quality. However, about 15% of the mass peaks in Table S5.1 had a significant 

difference between the samples made with 90% and 80% levels of “YES” samples like for example, m/z 

81.070 - tentatively identified as a fragment of linalool and as a fragment of different monoterpenes. These 

markers have a more stringent cut-off value for discriminating samples quality and could then be considered 

for potential applications for quality control.  

Figure 5.3C shows m/z 129.081 tentatively identified as 5-propyldihydro-2(3H)-furanone (or ɣ-

heptalactone). This lactone, used as food additive to deepen fatty notes of nut flavours, has been identified 

in many different fruits as well as in hazelnuts (12). In this case, even if at low concentrations, the trend is 

inverse: increasing the quantity of “NO” sample decreased the compound concentration. A similar trend is 

highlighted as well for m/z 101.058, tentatively identified as 2,3-pentanedione (Figure 5.3D). This molecule, 

a sugar degradation product which gives a sweet, buttery and caramel-like odour (54), was found significantly 

lower for the 0% “YES” sample (Table 5.3). This indicates that good quality hazelnuts need to have a minimal 

concentration of 2,3-pentanedione. These results indicate that not only the presence or the absence of a key 

odorant is fundamental, but as well the concentration levels plays a role in determining the final raw 

hazelnuts quality. 

5.3.3 | Blind classification experiment: hierarchical clustering and heat map 

In Figure 5.4 is presented the heat map for the selected mass peaks (H3O+ mode) of the blind 

classification experiment samples. Colors in the figure indicate concentration for each mass peak from blue 

(low) to red (high). The K-means clustering (k=2), separated the 44 samples into two main clusters 

corresponding to “NO” and “YES” (including the REF) classes. Only two samples (23 and 26), corresponding 

to two different lots from the same harvest year (2016) and the same location (OLT, see Table S5.2), were 

misclassified leading to a classification accuracy of about 95%. The misclassification was overcome when 

supervised classification model was applied (PLS-DA, data not shown) due to the possibility to use the 

samples classification information to build, train and test the model. The blind replicates were classified 

correctly, highlighting the good reproducibility of the method.  

When looking at the mass peaks, two main clusters are visible (C1 and C2 in Figure 5.4). The C1 cluster 

contains most of the selected mass peaks that were also found in the previous two experiments. The 

heatmap shows that most of them had higher concentrations for the “NO” samples, confirming that good 

quality samples are characterized by low volatiles emissions. An exception can be noticed for the replicates 

33-36 coming from the sample “I”, the one stored at controlled atmosphere (99% N2–1% O2), which have the 

highest concentrations for mass peaks tentatively associated to fragment of 2-methyl-1H-pyrrole, linalool, 

2-decenal and as monoterpenes. Previous studies not only showed the presence of  α-pinene and limonene 

in raw hazelnuts (10,12,54), but they proofed that reducing oxygen content in the storage atmosphere had 

a significant effect in limiting oxidation phenomena and maintaining fruits quality (55–57). Moreover, Rosso 
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et al. (2018) reported lower levels of VOCs known to be secondary products of lipid oxidation like hexanal, 

octanal and 2-heptenal, in hazelnuts stored in protective modified atmosphere (99%N2 -1%O2). In our case, 

we observed an increase of potent odorants such as linalool, responsible for flowery notes (58), meaning 

that the controlled atmosphere prevented autoxidation of this compound.  
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Figure 5.4: Heat map-illustrating, from blue (low values) to red (high values), the relative concentration (ppbV) 

of 88 mass peaks from the 44 raw hazelnuts samples of the blind classification experiment. The color annotation 

at the top of the heatmap indicates samples classification from industry. The data for each hazelnut sample 

were averaged on its replicates and the mass peaks were scaled (mean centering and unit variance). For the 

samples (columns) firstly, K-mean clustering (k = 2) was applied to split the samples in two groups followed by 

a hierarchical clustering on the Manhattan distances with a Ward method. The dashed line at the top of the 

samples’ dendrogram indicates the K-mean clustering. For the mass peaks (rows) only hierarchical clustering 

was applied. Mass peaks were divided in two main clusters highlighted by different colors (C1 and C2) with the 

latter divided in two additional sub-clusters (SC1 and SC2). 

For most of the mass peaks contained in the cluster C1, the samples 13-20 coming from the replicates of 

sample “D” and “E”, had the highest emissions. Both samples “D” and “E” belonged to 2015 harvest from 

the Akçakoca region and were evaluated as “NO” samples (Table 5.2). This information highlights the aging 

effect on VOCs emissions. The cluster C2 correspond to mass peaks mostly related to acetaldehyde, ethanol 

and methanol clusters, ethanethiol/dimethyl sulfide, methanethiol and m/z 42.001, 44.998, 45.033, 45.131, 

45.173, 47.0178, 47.0491. In the cluster are also present m/z 127.061, 85.03, 89.06, 74.035 and 77.012. These 

mass peaks were divided into two different sub-clusters (SC1 and SC2). The samples R1-R4 and 37-40 

corresponding to the replicates of the reference samples and the sample “L” were characterized by higher 

content of mass peaks especially from SC2. Although from different varieties and geographical origin, all 

these samples were coming from the most recent harvest in 2017. The reference samples were Piedmont 

hazelnuts know as Tonda Gentile Trilobata , a PDO product chosen by the industry as its reference for 

excellent quality. The mass peaks highlighted by the SC2 are then good candidates for discriminating 

sample freshness and infer about sample age.   

Similar results were found for heatmaps built for PTR-ToF-MS data when SRI system was used (see Figure 

S5.1 and S5.2 in supplementary materials). Sample 23, 9, 2 and sample 9 were misclassified when NO+ was 

used as precursor ion leading to a classification accuracy (about 91%). Also in this case, “NO” samples 

showed higher values for most of the mass peaks except for samples 33-36 that had higher levels for m/z 

137.132 and its fragments and samples 37-40 and R1-R4 with mass peaks related to the SC2 described before. 

For data generated by using O2
+ the same trend was highlighted: “NO” samples presented higher 

concentrations in more VOCs then “YES” samples and a similar classification accuracy (about 93%) was 

found. Samples 23 and 26 were put it in the “NO” cluster while sample 2 was put in the “YES” cluster.   
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5.4 Conclusion 

PTR-ToF-MS method was successfully applied to screen the volatilome of different raw hazelnuts 

(Corylus avellana L). The approach described in this paper represents a great advantage for manufactures 

who need to control raw materials, especially because it is fast and can be performed on few grams of the 

product. The analysis identified specific volatile makers for different types of visual defects (molds, dark and 

light hazelnuts) and sensory defects related to taste and aroma. In general, defected hazelnuts showed 

higher levels of most of detected VOCs: this is true also for compounds identified by previous studies as key 

hazelnuts aroma compounds like 3/5-methyl-4-heptanone, prenyl ethyl ether, hexanal and linalool. Our 

analytical strategy was able to discriminate between samples with 20% and 50% grinded defected hazelnuts 

but for some mass peaks, a significant difference was observed as well between samples made with 10% 

and 20% of bad quality hazelnuts. Finally, the possibility to predict sensory classification based on 

unsupervised clustering upon PTR-ToF-MS fingerprints was also demonstrated by, at the same time, 

extrapolating information about harvest year and storage from VOCs fingerprints.   
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5.6  Supplementary materials 

 

Figure 

S5.1: 

Heat 

map-

illustrating the relative concentration (ppbV) of mass peaks selected from NO+ ionization mode from samples of 

the blind classification experiment. The color annotation at the top of the heatmap indicates the samples 

classification from industry. The data for each hazelnut sample were averaged on its replicates and the mass 

peaks were scaled (mean centering and unit variance). For the samples (columns) firstly, K-mean clustering (k = 

2) was applied to split the samples in two groups followed by a hierarchical clustering on the Manhattan 

distances with a Ward method. For the mass peaks (rows) only hierarchical clustering was applied. Mass peaks 

were divided in two main clusters highlighted by different colors. 
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Figure S5.2: Heat map-illustrating the relative concentration (ppbV) of mass peaks selected from O2+ ionization 

mode from samples of the blind classification experiment. The color annotation at the top of the heatmap 

indicates the samples classification from industry. The data for each hazelnut sample were averaged on its 

replicates and the mass peaks were scaled (mean centering and unit variance). For the samples (columns) firstly, 

K-mean clustering (k = 2) was applied to split the samples in two groups followed by a hierarchical clustering on 
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the Manhattan distances with a Ward method. For the mass peaks (rows) only hierarchical clustering was 

applied. Mass peaks were divided in two main clusters highlighted by different colors.
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Abstract 

When condiments are combined with carrier foods, aroma release and perception is complex and 

changes dynamically throughout consumption. This study investigated the effect of condiment and carrier 

properties on in vivo aroma release and perception. Mayonnaises varying in fat content (high/low) and 

viscosity (high/low) were spiked with two lemon aroma compounds (limonene, citral). Carriers differing in 

moisture absorption capacity (bread, potato) and hardness (hard/soft) were combined with mayonnaises. 

In-nose aroma release and perception of lemon intensity were assessed simultaneously and dynamically. 

Mayonnaise properties affected aroma release and perception congruently; higher viscosity decreased 

aroma release and perception, and higher fat content increased aroma release and perception. When 

mayonnaises were combined with carriers, aroma release and perception were no longer congruent. 

Addition of carriers to mayonnaises increased aroma release and decreased perception of aroma intensity. 

We conclude that cognitive effects are likely to modulate dynamic aroma perception of composite foods.  

 

 

Keywords: nose-space aroma release, sensory perception, mayonnaise, carrier foods  
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6.1 Introduction  

Condiments such as spreads, dressings or sauces are key ingredients in many different culinary 

traditions, and often used to enhance the flavour of bland carrier foods (1). In the last decades, food industry 

put considerable efforts into development of fat reduced condiments to provide consumers with less energy 

dense foods. These modifications imply a considerable change in flavour release and perception. Food 

flavour profiles are partly due to perception of aroma compounds, which are released from the food matrix 

and reach the olfactory receptors located in the human nasal cavity (retro-nasal pathway) (2). Some aroma 

compounds remain in the breath air when food is swallowed, and contribute to aroma perception after 

swallowing (3). Aroma release is a rather complex process, which is influenced by food composition, food 

structure and dynamic changes thereof during oral processing (4-6).  

Fat reduction impacts aroma release and perception in a direct and/or indirect way. Fat or other hydrophobic 

phases present in the food matrix can bind hydrophobic aroma compounds and reduce their vapor pressure 

(physicochemical effect). Thus, increasing fat content in the food matrix reduces the release of hydrophobic 

aroma compounds both in the vapor headspace and in the nose-space during consumption (7-11). Vice 

versa, in the case of fat reduction, less hydrophobic aroma compounds are retained in the food matrix 

leading to higher aroma release and intensity perception (12-14). Changing fat content also largely impacts 

rheological properties of the matrix which can affect aroma release and perception in an indirect way. Higher 

volume fraction of dispersed fat increases viscosity, which reduces aroma release by slowing down diffusion 

of aroma compounds into the headspace (15). Hydrocolloids are commonly added to fat-reduced foods to 

maintain desired rheological properties. Several studies demonstrated that an increase in viscosity through 

addition of hydrocolloids reduces aroma release and perception (16-23). Hydrocolloids may reduce aroma 

release and consequently perception by slowing down aroma diffusion or by binding aroma compounds 

through attractive interactions (physicochemical origin).  

Several studies reported congruent effects of food properties (composition, rheological properties) on in 

vivo aroma release and perception (16,18,24), while other studies observed incongruencies between in vivo 

aroma release and perception (25-28). Here, we refer to congruent effects when an increase of in vivo aroma 

release leads to an increase in aroma perception (and a decrease of in vivo aroma release to a decrease in 

perception). We refer to incongruent effects when an increase of in vivo aroma release is accompanied by a 

decrease in aroma perception. In case of flavoured gels, increasing gel hardness did not affect in vivo aroma 

release but decreased perceived aroma intensity (incongruent effect) (28). It has been suggested that 

cognitive interactions due to cross-modal associations between food texture and aroma perception play a 

role when incongruent effects were observed (6,29). It is also plausible that changes in oral processing 

behaviour (e.g. dilution with saliva, structure breakdown by chewing or influence of mouth temperature) 

induce changes in aroma release and potentially perception (4). 
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Flavoured condiments such as mayonnaises are usually consumed together with rather plain carrier foods 

such as potatoes and bread, and dynamic interactions between condiments and carriers can influence aroma 

release and perception. Addition of bland carrier foods to condiments is generally known to decrease overall 

perceived flavour intensity of condiments (30-33). Addition of bread or carrots to mayonnaises has been 

shown to reduce perceived intensities of several mayonnaise-related flavour attributes (33). However, the 

mechanisms underlying the reduction in flavour perception upon carrier addition are not known. To the best 

of our knowledge, it has not been investigated whether the decreased flavour perception is due to 

physiochemical interactions leading to a lower delivery of aroma compounds into the nasal cavity or 

whether other mechanisms such as different eating behaviours or cognitive interactions due to cross-modal 

associations come into play. To summarize, it is not well understood how addition of rather plain carriers 

changes flavour release and perception of condiments.  

As shown by our earlier work, not only the presence of a carrier food, but also the type of carrier affects 

sensory properties of condiments. Crackers decreased overall perceived intensity of a variety of condiments 

(firm cheese, cheese spread, mayonnaise) to a larger extent than bread (34). Harder carrier foods decreased 

the perception of mayonnaise to a larger extent than softer carriers(33). Besides sensory attribute intensity, 

also dynamic perception of sensory properties of condiments were affected by addition of carriers. 

Mayonnaise-related flavour attributes were perceived as dominant sensations earlier during consumption 

when combined with softer carriers than when combined with harder carriers. Type and mechanical 

properties of carrier foods affect static and dynamic sensory properties of food-condiment combinations. 

We hypothesize that aroma perception of condiment-carrier combinations is driven by physicochemical 

effects on aroma release (condiment aroma release is decreased as condiment aroma compounds bind to 

the carrier).  

This study aimed to understand the relation between in-nose aroma release and dynamic aroma perception 

of condiments (mayonnaise) when consumed with and without carriers (bread, potatoes). Mayonnaise 

properties were varied by varying fat content (high, low) and viscosity (high, low) to understand the effect 

of different physicochemical properties on in-nose aroma release and perception. Carrier foods with 

different moisture absorption capacity (bread, potato) varying in texture (soft, hard) were tested to 

investigate the role of carrier type on aroma release and perception of condiments (Figure 6.1). 
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Figure 6.1: Experimental design outlining the approach. Mayonnaises varying in fat content (high/low) and 

viscosity (high/low) were tested without carrier food (n=3) and together with carrier foods differing in moisture 

absorption capacity (bread, potato) and hardness (hard/soft). Mayonnaises were spiked with two lemon aroma 

compounds (limonene, citral), which allowed to characterize in-nose aroma release and dynamic lemon 

intensity perception. 

6.2 Materials and Methods   

6.2.1 | Samples 

Three different mayonnaises varying in fat content and viscosity were prepared, namely full fat/high 

viscosity (FF-HV; 69% w/w oil; Calvé De echte, Unilever, The Netherlands), low fat/high viscosity (LF-HV), 

and low fat/low viscosity (LF-LV) mayonnaises. For the low fat mayonnaises, a 2.5 or 1.0% xanthan in water 

solution (E415, Pit&Pit bvba, Belgium) was gradually spooned into the FF-HV mayonnaise following a 1.6:1.0 

weight ratio to create the LF-HV or LF-LV mayonnaises (26.5% w/w oil) with similar oil droplet sizes, 

respectively. Two lemon aroma compounds varying in hydrophobicity, citral (Mw = 152 g/mol , log P = 2.76, 1 

mg/g mayonnaise) and limonene (Mw = 136 g/mol, log P = 4.2, 1 mg/g mayonnaise), were gently mixed into 

the mayonnaises using a spatula. The addition of these compounds made the mayonnaise easier to track 

during the proton transfer reaction mass spectrometry (PTR-MS) analysis and easier to be perceived by the 

panellists. The two compounds were chosen based on their aroma, their different physical/chemical 

properties and their masses after some preliminary measurements on volatile organic compounds (VOCs) 

emissions on both mayonnaises and carriers to verify interferences. Mayonnaises were served at a weight 

of 2 g.  

Mayonnaises were assessed alone and in combination with different carrier foods. Two commercial carrier 

foods were used, namely bread (Plaisir de mie toastbrood, Jacquet®, France) and potatoes (Waxy potatoes, 

Albert Heijn, The Netherlands). Mayonnaise on bread represents a simplified model food for sandwiches 

and mayonnaise on potato represents a simplified model food for salads. Bread cubes without crust 

(35x35x8 mm) were served fresh and oven-dried for 40 min at 100ºC (Venti-line, VWR®) to obtain two bread 

samples with varying properties. Peeled potato cubes (30x12x12 mm) were cooked sous-vide at 90ºC for 15 

and 45 min to obtain two potato samples with varying properties. Carrier-mayonnaise combinations were 
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prepared just before serving to minimize moisture transfer of the mayonnaises into the carriers before 

consumption.  

Table 6.1 presents an overview of the composition and product properties of the mayonnaises (fat content, 

viscosity, oil droplet size) and the carrier foods (firmness, water activity). Mayonnaises properties were 

measured each morning before data collection (n=10 days of data collection) and carrier properties were 

measured for each new preparation batch (n=4 batches) to ensure that samples were stable over the data 

collection period. To determine the viscosity of the mayonnaises, mayonnaises were sheared at shear rates 

ranging from 1 s-1 to 1000 s-1 after a resting period of 5 minutes using a rheometer (MCR 301 Rheometer, 

Anton Paar Benelux BVBA, Belgium) equipped with an Inset I-PP50/SS plate and a CP50-1 cone. The oil 

droplet size of the mayonnaises (D3,2) was measured by light scattering (Mastersizer 2000, Malvern 

Instruments) in triplicate using the refractive index of sunflower oil (1.469). To determine the firmness of the 

carrier foods, uniaxial compression tests were performed with a Texture Analyser (TA.XT Plus, Stable Micro 

Systems, United Kingdom) fitted with a 50 kg load cell, a cylindrical plate with a diameter of 100 mm and a 

constant speed of 1 mm/s. Bread samples were compressed until 20% strain, and the mean force needed to 

compress the bread samples was calculated. Potato samples were compressed until 50% stain and the mean 

fracture stress of the potatoes was calculated. The water activity of the carrier foods was measured using a 

LabMaster aw (Novasina®).  

Table 6.1: Product properties of mayonnaises varying in fat content and viscosity (A) and the 
carrier foods bread (B) and potato (C) varying in preparation methods (mean±SD). 

(A) Mayonnaise properties 

Full fat / 

High viscosity (FF-HV) 

Low fat / 

High viscosity (LF-HV) 

Low fat / 

Low viscosity (LF-LV) 

Fat content (w/w %) 70 27 27 

Viscosity at 1 s-1 (Pa·s) 84±19 73±12 11±3 

Viscosity at 10 s-1 (Pa·s) 13±3 10±1 2±1 

Viscosity at 100 s-1 (Pa·s) 2.1±0.4 1.3±0.2 0.3±0.1 

D3,2 (μm) 10.9±2 7.9±1 7.1±1 

    

(B) Bread properties Fresh bread Dried bread 

Compression force (N) 5±2 100±38 

Aw 0.92±0.02 0.20±0.16 

   

(C) Potato properties Soft potato Semi-hard potato 

Fracture stress 40±17 198±132 

Aw 0.98±0.01 0.99±0.00 
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6.2.2 | Subjects 

A group of 14 Caucasian, European females (23±3 years,) participated in the study. An homogeneous 

group of subjects was selected based on their mechanically stimulated saliva flow rate (1.4±0.6 g/min, 

mean±SD) (60), size of the oral cavity (73.5±10.4 g water, mean±SD) (61) and natural eating time of the 

samples (16±5 s, mean±SD) (34), which were assessed during one selection session of one hour based on 

procedures described elsewhere. In addition, they had non-smoking habits (self-reported), good dental 

health (self-reported), and were consumers of mayonnaise, bread and potato on a regular basis. All subjects 

gave written informed consent, completed the study and received financial compensation for participation. 

6.2.3 | Chewing protocol 

Subjects were instructed to follow a chewing protocol to minimize the influence of individual 

differences in mastication behaviour on aroma release and perception throughout consumption. Subjects 

were instructed to consume each sample within one bite, and to swallow after 20 seconds of consumption 

(timer was shown on the screen). In the case of mayonnaises alone, they were instructed to swirl samples in 

their mouth. In the case of mayonnaise-carrier combinations, they were instructed to chew the sample with 

a frequency of 1 chew/s (i.e. approximately 20 chews) using a metronome and the timer on the screen. 

Furthermore, subjects were asked to raise their hand each time they swallowed, which was recorded by the 

researcher. In addition, they were asked to keep their mouth closed during all the evaluations. 

6.2.4 | Nose-space analysis, data extraction and peak selection 

In vivo aroma release was measured using a commercial PTR-MS instrument (Ionicon Analytik 

GmbH, Innsbruck, Austria) equipped with a time of flight and a quadrupole ion guide (PTR-QiToF). H3O+ was 

used as precursor ion, and the ionization conditions were the following: 1000 V drift voltage, 60.0 °C drift 

temperature, 3.8 mbar drift pressure, resulting in an E/N ratio of 133 Td. Acquisition was set to 1 spectrum 

per second. Sampling was carried out via a heated (95 °C) inlet tube with an inlet flow of 45.02 sccm. The 

mass resolution (m/Δm) was at least 5000.  

The nose-space experimental set up was adapted from previous PTR-MS in-nose studies (50,62,63) For each 

measurement, laboratory air was sampled for 20 s. After that, subjects were asked to insert two Teflon tubes 

(diameter: 6.8 mm, length: 6.4 cm, connected to the heated inlet tubes) in the nose. They were asked to 

breath normally through their nose, and subjects’ breath was sampled for 60 s. Then they consumed the 

samples for 20 s. After swallowing the sample, subjects kept on breathing for 90 s. This led to a total 

sampling time of 190 s (Figure 6.2). Samples were assessed in triplicate by each subject. 

PTR-MS data were treated with TOFO office software (Department of Food Quality and Nutrition, 

Edmund Mach Foundation) as described in Cappellin et al. (2011). A total of 247 mass peaks were extracted 

from 20 m/z to 250 m/z and in-nose concentration was calculated. From that, 73 peaks were selected for the 

further analysis based on pilot experiment report, literatures and the high concentration of the release curve 



Chapter 6

144	

What drives in vivo aroma release and perception of condiments consumed with carrier foods? 

144 

for the relevant aroma compounds of citral, limonene, mayonnaise, food carriers and the exhaled gases 

from participants. In the work, only mass peaks corresponding to the two lemon aroma compound are 

considered: m/z 138.139 and 153.131 tentatively identified as the limonene isotope (13CC9H16H+) and citral 

(C10H16OH+) were chosen as representative examples, respectively. The m/z 81.070 (C6H9
+) and 135.119 

(C10H15
+) were chosen as main fragments of limonene and citral. For each mass peaks a release curve was 

obtained by plotting between peak concentration (ppbV) and time (seconds). Each release curve, was 

divided in 4-time separate windows: lab air session (1-20 s), breathing (21-80 s), mastication session (81 s to 

first swallowing point) and post-swallowing session (first swallowing point until 195 s). Each part of the curve 

was averaged for all the panel and superposed to create an average release curve for each sample. For 

comparing the different mayonnaises aroma release and the food carrier interactions, the baseline (signal 

before the sample was ingested) was then subtracted and three main parameters were extracted from each 

individual release curve: the area under the curve (AUC_R), the maximum concentration (Imax_R) and the 

time to reach the maximum concentration (Tmax_R).  

6.2.5 | Time-intensity (TI) sensory methodology 

Dynamic lemon aroma intensity of mayonnaises was determined using the time-intensity (TI) 

methodology (64). Subjects were instructed to place the sample in the mouth and simultaneously click the 

start button. Then, they continuously scored the lemon intensity over time by moving the cursor horizontally 

on a 100 mm unstructured line scale anchored from not at all to very (Eye Question software, version 

4.11.19). The total duration of the evaluation was set at 110 s, meaning that subjects evaluated lemon 

intensity during chewing (approximately 20 s) and after the sample had been swallowed (approximately 90 

s). Intensity scores were recorded with an interval time of 500 ms. From the time-intensity profiling, the total 

area under the curve (AUC_S), the maximum perceived intensity (Imax_S) and the time to maximum intensity 

(Tmax_S) were obtained (Figure 6.2). In the present study, Liu & MacFie standardization was applied to 

correct for individual signature curves (58,65).  

 

 

 

 

 

 (A) 
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(B) 

 

Figure 6.2: Example of an aroma release curve (A) and a time intensity curve (B), in which the different sampling 

procedures and panel instructions are indicated in green. Parameters obtained from the curves are shown in 

blue.  

6.2.6 | Experimental approach 

Subjects participated in 10 sessions over a period of one month. Subjects were firstly trained over 

four sessions of 1 hour, after which dynamic aroma perception and in vivo aroma release were determined 

simultaneously by using TI and PTR-MS during the subsequent six sessions of maximum 1.5 hours.  

During the four training sessions, subjects were acquainted with the chewing protocol (training 1 and 2) and 

the TI methodology (training 3 and 4). The first training started with an introduction to the chewing protocol 

(section 6.2.3), after which the subjects practiced the protocol. During the second training session, subjects 

were familiarized with the nose tubes used to connect the subjects’ nasal cavity with the PTR-MS. During 

this session, subjects continued practicing the chewing protocol while having the nose tubes in their nose. 

The third session was used to introduce TI methodology to the subjects, after which they practiced with the 

tasting protocol, nose tubes and TI methodology using mayonnaises spiked with lemon aroma. The fourth 

session was a pilot experiment, during which they practiced with the tasting protocol, nose tube and TI 

methodology for all samples included in the present study.  

During the six data collection sessions, subjects were requested to not eat, drink, or brush their teeth two 

hours before the experiment and to not wear perfume or lotion. All samples were assessed following a 3x5 

design: three mayonnaises with five carrier conditions (without carrier, with fresh bread, with oven-dried 
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bread, with shortly cooked potato, with long cooked potato). Samples were assessed in triplicate leading to 

a total of 45 nose-space measurements and sensory analyses for each subject. Each replicate was assessed 

over two sessions. Within each replicate, samples were presented in a random order following a completely 

randomized design. Samples were presented with three digits codes and served on a spoon to facilitate easy 

intake. Between each sample, subjects cleansed their palate for at least 6 minutes using cold water, hot 

water and tongue scrapers to aid the removal of oil from their tongue. No other palate cleansers were used, 

since they might affect the volatile release of follow-up samples.  

5.3.7 | Statistical data analyses 

Results were reported as mean values with standard error (n=14 subjects, in triplicate). Outliers (Z-

score>3.29 or Z-score<-3.29) were removed from the data. To investigate the effect of mayonnaise 

properties, linear mixed models were performed on a subset of the data including the data of the single 

mayonnaises (i.e. without carriers) only. For this analysis, mayonnaise was set as fixed effect and subject, 

replicate, serving order and session were set as random effects using Lmer package (66). To investigate the 

interplay between mayonnaise properties and carrier properties, linear mixed models were performed with 

mayonnaise, carrier and mayonnaise:carrier interaction as fixed effects and subject, replicate, serving order 

and session as random effects. This analysis was performed for bread and potato carrier separately. In 

addition, Multiple Factor Analysis (MFA) was performed on the selected mass peaks from PTR-MS analysis 

and on the Time-Intensity data by using FactoMineR package (67). Only the AUC was used in this case and 

data were scaled to unit variance before performing the analysis (67). R language (RStudio, version 1.0.143) 

was used to perform all statistical tests. Significance level of p<0.05 was chosen.  

6.3 Results 

6.3.1 | In-nose aroma release and dynamic lemon perception of mayonnaises without carriers: 

effect of viscosity and fat content 

Dynamic aroma release and dynamic lemon intensity profiles of mayonnaises without carrier foods 

are shown in Figure 6.3. Table 6.2 provides a summary of all aroma release (AUC_R, Imax_R and Tmax_R) and 

perception (AUC_S, Imax_S and Tmax_S) parameters. As can be seen from Figure 6.3A – 6.3D, limonene and 

citral display different release profiles. While limonene was released fast, resulting in a sharp peak (Figure 

6.3A, 6.3B), citral was released slowly throughout consumption (later Tmax_R, see Table 6.2) resulting in a 

later and broader peak (Figure 6.3C, 6.3D). Citral has a higher boiling temperature and lower vapor pressure 

due to its higher molecular weight and its molecular structure, resulting in a lower volatility than limonene.  

Mayonnaise viscosity (LF-HV vs. LF-LV) clearly affected in-nose aroma concentrations (Figure 6.3A, 6.3C) 

and dynamic lemon intensity perception (Figure 6.3E). In vivo limonene release, in vivo citral release and 

lemon intensity perception decreased with increasing mayonnaise viscosity. For example, in case of 
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limonene (m/z 138.139), AUC_R decreased by 69% and Imax_R decreased by 74% with increasing viscosity 

(Table 6.2). Congruently, with respect to sensory perception, AUC_S decreased by 31% and Imax_S decreased 

by 23%. The times to reach the maximum concentration and intensity (Tmax_R, Tmax_S) were not significantly 

affected by mayonnaise viscosity. 

Mayonnaise fat content (FF-HV vs. LF-HV) also affected in-nose aroma concentration (Figure 6.3B, 6.3D) 

and dynamic lemon intensity perception (Figure 6.3F). In vivo limonene release, in vivo citral release and 

lemon intensity perception decreased upon fat reduction of mayonnaises from 70 to 27 wt%. For example, 

AUC_R of limonene (m/z 138.139) decreased by 72% and AUC_S decreased by 45% with decreasing fat 

content. Similar trends were found for the Imax values (Table 6.2). A reduction of fat content slowed down 

the release of limonene (p<0.05, Tmax_R), but no significant effect was observed for citral release.  
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Figure 6.3: Averaged in-nose limonene release (m/z = 138.139) (A, B), in-nose citral release (m/z = 153.131) (C, 

D) and lemon intensity perception (E, F) during mastication and after swallowing for mayonnaise varying in 

viscosity and fat content (n=14 subjects, in triplicate). Mayonnaise differing in viscosity (LF-HV and LF-LV) are 

presented on the left (A, C, E), and mayonnaise varying in fat content (FF-HV and LF-HV) are presented on the 

right (B, D, F). The shaded bars represent the standard error of the mean. The moment of swallowing is indicated 

as dashed line at 20 s. 
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6.3.2 | In-nose aroma release and dynamic lemon perception of mayonnaise with carrier foods 

Figure 6.4 shows averaged in-nose limonene release, in-nose citral release and perceived lemon 

intensity curves for FF-HV mayonnaise without and with carrier foods. Addition of carriers affected release 

and perception of the other two mayonnaises (LF-HV and LF-LV) in a relatively similar way (data not shown). 

In-nose limonene and citral release parameters (AUC_R, Imax_R and Tmax_R) and perceived lemon parameters 

(AUC_S, Imax_S and Tmax_S) of mayonnaises without and with carriers are presented in Table 6.3. Overall, in-

nose limonene and citral release increased with the addition of food carriers, whereas simultaneous lemon 

intensity perception of mayonnaises decreased. Bread and potato affected aroma release and perception of 

mayonnaises differently. The results of bread and potato addition are therefore reported separately in the 

following sub sections.  

6.3.3 | Effect of bread addition on in-nose aroma release and aroma perception of mayonnaises 

Addition of bread increased in-nose limonene and citral release of mayonnaises, regardless of bread 

texture (Figure 6.4A, 6.4C and Table 6.3A). For example, in case of limonene (m/z 138.139), AUC_R increased 

by 136% and 144% after addition of soft and hard bread, respectively (p<0.001; p<0.001). For citral (m/z 

135.199 and 153.131), AUC_R increased with addition of bread, but this effect was only significant for LF-HV 

mayonnaise. Similar trends were observed for Imax_R values. Bread texture (soft vs. hard) did not affect 

limonene and citral release concentrations significantly.  

The time to reach maximum aroma concentration (Tmax_R) was affected by addition of bread, regardless of 

bread texture (Table 6.3A). Overall, Tmax_R was reached earlier for mayonnaise-bread combinations than for 

mayonnaises consumed without bread. These differences in Tmax_R were significant for LF-HV but not for 

FF-HV nor LF-LV.  

Addition of bread decreased lemon intensity perception of mayonnaises (Figure 6.4E, Table 6.3A). However, 

the effect of bread on lemon intensity perception was not the same for each mayonnaise (significant 

mayonnaise:bread interaction). For FF-HV mayonnaise, AUC_S and Imax_S were lowered by 11 and 8% with 

soft bread (p>0.05; p>0.05) and by 21 and 22% with hard bread (p=0.003; p=0.001). For LF-LV mayonnaise, 

AUC_S and Imax_S decreased by 10 and 10% with soft bread (p>0.05; p>0.05) and by 22 and 15% with hard 

bread (p=0.030; p>0.05). No significant effect was observed for LF-HV. Hence, bread hardness partly 

affected lemon intensity perception of mayonnaises. Tmax_S was not significantly affected by the addition 

of bread. 

6.3.4 | Effect of potato addition on in-nose aroma release and aroma perception of mayonnaises 

Addition of potato to mayonnaises increased both limonene and citral release (Figure 6.4B, 6.4D, 

Table 6.3B). For example, in case of limonene release (m/z 138.139), AUC_R increased by 45 and 43% after 

addition of soft and hard potato (p<0.001 and p<0.001). In case of citral release (m/z 135.119), AUC_R 
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increased by 8% with soft potato (p>0.05) and by 21% with hard potato (p<0.001). Hence, potato texture 

(soft vs. hard) affected citral release concentrations. Similar trends were observed for Imax_R. 

The time to reach maximum aroma concentration of mayonnaises (Tmax_R) was affected by the addition of 

potatoes, regardless of potato texture (Table 6.3B). On average, Tmax_R was reached in less time after the 

addition of potato. Regarding sensory perception, presence of potato carriers decreased perceived lemon 

intensity. AUC_S decreased by 19% with addition of soft potato (p<0.001) and by 17% with addition of hard 

potato (p=0.002). Similar effects were observed for Imax_S, but the effect was significant for soft potato 

(reduction by 15% p<0.001) but not for hard potato (reduction by 9%; p>0.05). Tmax_S was not significantly 

affected by addition of potato carriers.  
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Figure 6.4: Averaged in-nose limonene release (m/z = 138.139) (A, B), in-nose citral release (m/z = 153.131) (C, 

D) and lemon intensity perception (E, F) during mastication and after swallowing for mayonnaise without and 

with different food carriers (n=14 subjects, in triplicate). Mayonnaise (i.e. FF-HV mayonnaise) with bread carriers 

(soft, hard) is presented in yellow on the left (A, C, E), and the mayonnaise with potato carriers (soft, hard) is 

presented in pink on the right (B, D, F). The shaded bars represent the standard error of the mean. The moment 

of swallowing is shown as adashed line at 20 s. 
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Table 6.3: Summary of parameters (mean±SE) describing in vivo limonene release, in vivo citral 
release and dynamic lemon intensity perception for mayonnaises without and with carrier foods. 
The effects of bread (A) and potato (B) are presented separately. The release parameters AUC_R, 
Imax_R, Tmax_R correspond to the area under the curve, the maximum concentration and time to 
reach the maximum concentration. The sensory parameters AUC_S, Imax_S and Tmax_S 
correspond to the total area under the curve, the maximum perceived intensity and the time to reach 
the maximum perceived intensity. 
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6.3.5 |Results overview: in-nose aroma release and sensory perception of mayonnaise-carrier 

combinations 

A Multiple Factor Analysis (MFA) analysis was conducted to summarize the effect of mayonnaise 

viscosity, mayonnaise fat content, carrier addition and carrier texture on aroma release and perception of 

mayonnaises (Figure 6.5). PC1 explained 44.9% of total variance and accounted mainly for differences in 

mayonnaise fat content (Figure 6.5B). In this case, the 95% confidence ellipses highlight two clusters: one with 

full fat mayonnaise (FF-HV) and the other with the two low fat mayonnaises (LF-HV and LF-LV). PC2 explained 

34.3% of total variance and accounted for sample differences in viscosity (Figure 6.5A) and carrier addition (Figure 

6.5C). In this case, the 95% confidence ellipses highlight two clusters: one with low viscosity mayonnaises (LF-

LV) and one with high viscosity mayonnaises (LF-HV and FF-HV). Figure 6.5C highlights a difference between 

food carriers: bread samples are positioned further away from the single mayonnaises than potato samples, 

indicating that bread had a larger overall impact on lemon aroma release and intensity perception than potato.  

To summarize, increasing mayonnaise viscosity or decreasing mayonnaise fat content reduced lemon 

aroma release and simultaneously lemon intensity perception. The two lemon aroma compounds 

(limonene, citral) had slightly different release patterns, with limonene being released faster and with higher 
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concentration due to its higher volatility than citral. When mayonnaises were combined with carriers, aroma 

release and perception were no longer congruent. Addition of bread and potato to mayonnaises enhanced 

lemon aroma release and decreased simultaneous lemon intensity perception. When comparing the 

different carrier foods, addition of bread increased lemon aroma release concentrations more than potato. 

Bread hardness did not influence lemon aroma release, but harder bread tended to decrease lemon intensity 

perception to a larger extent than soft bread. Potato hardness did not influence aroma release, but softer 

potato tended to decrease lemon intensity perception slightly more than harder potato.  

 

 

 

 

Figure 6.5: Scatter plot of multiple factor analysis (MFA) of in-nose aroma release and dynamic lemon 

perception data, in which the mayonnaise viscosity effect (A), the mayonnaise fat content effect (B) and the 

carrier effect (C) are highlighted using different colours. 

6.4 Discussion 

Regarding the in-nose aroma release of condiment-carrier combinations, we see that aroma release 

from condiments (mayonnaises) is enhanced when consumed together with carriers (bread or potatoes) 

compared to consumption without carriers. We hypothesized that aroma perception of condiment-carrier 

combinations is driven by physicochemical effects on aroma release i.e. that condiment aroma release is 

A) C) B) 

LEGEND:�
 No carrier Bread   High fat   High viscosity                  �
 Potato     Low fat   Low viscosity�
  �
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decreased as condiment aroma compounds bind to carriers. Although such interaction might have occurred 

through physical non-covalent bonds between carriers and condiments, a higher concentration of aroma 

compounds was released in the nose when carrier foods were added to mayonnaises. This indicates that for 

composite foods other mechanisms contribute more to in-nose aroma release than binding of aroma 

compounds. We suggest that differences in food oral processing between mayonnaise and mayonnaise in 

combination with carriers explain the increase in in-nose aroma release. Mayonnaise-carrier combinations 

required chewing to safely break down the food before swallowing, whereas the mayonnaises without 

carriers were swirled around in the mouth without chewing following standardized consumption protocols 

(mayonnaise with carrier: chew with 1 chew/s for 20 s; mayonnaise without carrier: swirl in mouth for 20 s; 

see section 6.2.3). The chewing required to masticate the mayonnaise-carrier combinations apparently 

induced more aroma release. Moreover, as a result of chewing and mixing, the surface area of mayonnaise-

carrier combinations might have increased since the carrier might have been broken down into multiple 

smaller bolus pieces. Consequently, the mayonnaise would be distributed over a larger area which could 

have led to a higher transfer of aroma compounds from the mayonnaise to the vapor phase. This could 

explain why total aroma released increased upon addition of carriers to mayonnaises. This was also reflected 

in the time required to reach the maximum aroma concentration (Tmax_R), which was faster in case of the 

carrier-mayonnaise combinations than for single mayonnaises (Table 6.3). In addition, the velum-tongue 

border has been observed to open more frequently during consumption of solid foods than liquid foods (35), 

which could increase the ability of aroma compounds to pass to the nasal cavity ahead of swallowing. Such 

an effect of oral processing behavior on in vivo aroma release is consistent with previous studies (36-41). 

Addition of solid carrier foods to condiments thus increases oral movements, in-mouth food manipulations 

and food’s surface area, and therefore favours an increase in in-nose aroma release of condiments 

throughout consumption.  

Higher in-nose aroma release with the addition of carrier foods was still maintained after participants 

swallowed the sample. Such effect might be explained by differences in bolus properties and consequent 

oral retention. When mayonnaise is consumed on its own, it is mixed with saliva leading to a liquid-like bolus 

that is easily swallowed. We assume that little product remains in the mouth after swallowing (42-44). When 

mayonnaise is consumed with a carrier, it is mixed with both the carrier and saliva leading to a relatively 

cohesive solid bolus that easily sticks to different oral surfaces (teeth, tongue, palate) upon swallowing. We 

speculate that in this case more product remains in the mouth which likely leads to longer aroma release 

into the nasal cavity after swallowing. 

The type of carrier food (bread versus potato) affected in vivo aroma release of mayonnaises, since bread 

increased nasal aroma concentrations to a larger extent than potatoes (Figure 6.4, Table 6.3). We suggest 

that this result could be partly explained by a difference in moisture absorption capacity between bread and 

potato. Bread is a dry, low water content product, so it absorbs moisture from the mayonnaises (34). This 
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effectively increases the oil content in the mayonnaises, and decreases the volume of the continuous 

aqueous phase, through which the aroma compounds need to diffuse before reaching the air phase. 

Consequently, the aroma compounds are assumed to transfer faster into the nasal cavity for breads. 

Another explanation for the lower release of aroma compounds from potato can be found in the properties 

of the starch in cooked potatoes. Potatoes contain starch granules, which are gelatinized upon cooking. The 

gelatinization leads to release of amylose from the granules into the continuous phase, whereas 

amylopectin resides mostly within the granules. Consequently, starch (mainly amylose) becomes available 

for interactions with hydrophobic aroma compounds after cooking through hydrophobic interactions. It is 

known that gelatinized starch retains hydrophobic aroma compounds including limonene to a larger extent 

than starch granules (45). Such interactions can limit aroma release and could explain the lower release for 

potato. Together these results show that mayonnaise aroma release depended on the properties of the 

carriers it is combined with.  

The texture of carrier foods did not significantly influence mayonnaise aroma release. It is important to note 

that a standardized consumption protocol was used (section 6.2.3), meaning that both soft and hard carrier 

foods were chewed 20 times at the same chewing frequency. This did not allow participants to adapt oral 

behavior based on texture, and presumably resulted in similar nasal air flows and release patterns, and this 

could be the reason why we see no effect of texture on release. In case of free eating, differences in aroma 

release of mayonnaises depending on the texture of the carrier food might occur, since softer foods 

generally require fewer chews than harder foods, likely to result in different nasal air flows which in turn can 

affect in-nose aroma release. For example, in case of cheese, firmer cheeses were chewed for a longer time 

and broken down into more bolus pieces by which both the release rate and the total amount of released 

aroma were increased (46,47). 

Inter-individual variation between subjects is known to affect oral behavior, aroma release and perception 

(48-50). To alleviate such subject variation, we selected a homogenous panel (young, female, Caucasian) 

and standardized their way of chewing by training with a chewing protocol (section 6.2.3). A next step would 

involve studies investigating aroma release of condiment-carrier combinations among participants with 

different eating behaviours (slow vs. fast eaters), as eating rate is known to affect bolus formation, sensory 

perception and food intake (51,52).  

Additionaly, mayonnaise properties (viscosity, fat content) were observed to influence aroma release 

considerably. As both viscosity and fat content have been shown to influence aroma release of single foods 

in previous studies, these results are discussed only shortly here. Increasing mayonnaise viscosity by adding 

more xanthan resulted in lower aroma release and perception (LF-LV vs. LF-HV). Viscosity is known to play 

a relevant role in aroma release, as diffusion rate of aroma compounds is hindered by an increase in viscosity 

(21,53). In addition, xanthan has been suggested to physically interact with hydrophobic aroma compounds 

by trapping them into a so-called “hydrophobic cavity” (19,54). Decreasing mayonnaise fat content while 
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keeping the same viscosity resulted in decreased aroma release and perception (FF-HV and LF-HV). A similar 

observation was reported by Wendin et al., who found that decreased fat content tended to decrease the 

perceived lemon intensity in mayonnaise (55). However, these results do not support the general theory that 

the partitioning of hydrophobic aromas into aqueous phases and air is greatly reduced with increasing fat/oil 

content (8,9,12). This discrepancy may be due to different factors. Firstly, aroma compounds may interact 

with xanthan in low fat emulsions (LF-HV), which was added to compensate for the difference in viscosity 

due to the reduction of fat. So even though lowering oil content could provide the expected increase in 

aroma release, interactions with xanthan might have been more pronounced, eventually leading to a 

decrease in aroma release. Secondly, the FF-HV mayonnaise contains a higher number of fat droplets when 

compared to the LF-HV. This results in more interfacial area between oil and the continuous aqueous phase, 

and therefore interaction with the saliva may be increased and eventual transfer to the air phase. This may 

ultimately lead to a higher aroma release and an accompanying higher aroma concentration in the nose-

space (56).  

To summarize, our study highlights that aroma release from mayonnaises is enhanced when they are 

consumed together with carrier foods such as bread or potatoes. Intuitively, one would expect that this 

increase in aroma release would be reflected in an increase in aroma perception. However, when looking at 

the sensory perception of the mayonnaise-carrier combinations, carrier addition actually decreased 

perceived aroma intensity of mayonnaises (Figure 6.4E-6.4F, Table 6.3). This decrease in perceived intensity 

is in line with previous studies, indicating that flavour intensity of soy sauce and mayonnaise decreased with 

addition of solid carrier foods (30,33). The present study shows that the lower perceived intensity is not due 

to a lower delivery of aroma compounds into the nasal cavity, as aroma release was increased with addition 

of carriers (Figure 6.4A-6.4D, Table 6.3). This misalignment between perception and aroma release in case 

of mayonnaise-carrier combinations indicates that carriers modify condiment perception via other ways 

independent of actual in-nose aroma concentrations. We therefore suggest that cognitive effects play a 

pivotal role in the modulation of condiment-carrier perception, i.e. consumers pay more attention to texture 

and/or chewing with the presence of carriers, whereupon the aroma of condiments appears to be less 

intense. Recently, White et al. (2020) stressed that the influence of cognitive processes on sensory 

evaluation should be considered more by food scientists (57). They revealed that consumer perception is 

shaped by the way attention is distributed among sensory sensations. This phenomenon has been mainly 

discussed in the light of aroma-taste mixtures, showing that attention was directed to one or a few elements 

of multisensory mixtures. In the present study, condiments were evaluated in combination with solid carrier 

foods, which added another dimension (i.e. texture / the process of chewing) to the aroma perception of the 

mayonnaises. We argue that cognitive attention was thereby drawn to the process of chewing. In case of 

condiment-carrier combinations, focusing on a specific task (e.g. chewing) might thus limit conscious 
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perception of other senses (e.g. aroma) present, and this cognitive influence is important to keep in mind in 

sensory evaluation of complex foods.  

Although such a cognitive effect seems plausible, it is important to acknowledge a possible sensory dumping 

effect (a well-known limitation of the Time-Intensity methodology) (58). Carriers with different texture 

properties were added to mayonnaises with lemon aroma, and participants were asked to evaluate lemon 

intensity only. Subjects probably perceived differences in texture, and where asked to evaluate lemon 

aroma intensity only which might have led to the projection of perceived differences and changes in texture 

into lemon intensity. To minimize potential dumping effect, the perceived textural differences were 

carefully discussed during the multiple training sessions. Subsequently, the panel practiced with the 

evaluation of aroma intensity, while being aware of the possible differences in texture. In this context, it is 

known that transfer of aroma compounds into the nasal cavity follows swallow breath (59). Thus, aroma 

perception is known to increase just after swallowing. When looking at our Time-Intensity data (Figure 6.3E-

6.3F, 6.4E-6.4F), we observe a consistent increase in perceived lemon intensity just after 20 s. This 

demonstrates that our panel functioned very well since they clearly perceived this increase in aroma after 

swallowing, which strongly suggests that our panel was capable to perceive and evaluate aroma intensity. 

Furthermore, previous studies using RATA on similar composite foods demonstrated similar to our study 

that flavour intensity of mayonnaise decreased with addition of carrier foods (30,33). In these studies, 

texture and flavour attributes were evaluated so dumping effects can be excluded. We therefore assume the 

sensory dumping effect in our study to be small. Hence, the influence of cognitive effects on sensory 

perception of complex foods must be considered.  

The novelty of the present study is the fact that simultaneous aroma release and perception was assessed 

for condiment-carrier combinations and not only in model foods or single foods. Combining condiments and 

carrier foods increases the complexity of the food consumed, which is more representative of the common 

consumption context. In summary, in-nose aroma release matched perceived aroma intensity when 

mayonnaise was consumed alone (i.e. when higher aroma concentrations were released in the nose, also 

higher perceived aroma intensity values were reported). This was not the case for more complex foods such 

as condiment-carrier combinations. Addition of carriers increased in-nose aroma release but decreased the 

perceived aroma intensity of mayonnaises. Since this decreased aroma perception was not due to a lower 

delivery of aroma compounds into the nasal cavity, we conclude that aroma release alone does not explain 

sensory perception of composite foods. In case of composite foods, cognitive effects are likely to modulate 

perception of more complex food combinations, which supports the idea that not only physicochemical 

characteristics, but also consumers’ cognitive mode should be considered in food design with excellent 

consumer appreciation.  
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Abstract  

In this study, the impact of physiological parameters, ethnicity and gender on flavour perception 

and flavour release of chewing gum was investigated. Proton transfer reaction mass spectrometry in‐nose 

monitoring of volatile organic compounds was coupled to discontinuous time intensity sensory evaluation 

for mint flavour and sweetness perception. Each of the 29 subjects, 14 European and 15 Chinese panellists 

(13 male and 16 females, age 24 ± 1.4 years old) consumed the samples in triplicates. Physiological 

parameters (oral cavity volume, salivary flow, acetone and isoprene concentration and fungiform papillae 

density) were measured. Significant differences for in vivo flavour release between Chinese and European 

panellists after 90 s of consumption and after the gum was removed from the mouth were found. Significant 

differences were observed also in flavour and sweetness perception while no gender effect was detected. 

In this work, for the first time an effect of ethnicity on in‐nose flavour release monitored through PTR‐MS 

was noticed during chewing gum consumption, in agreement with the findings from sensory evaluation. 

Single physiological parameters do not explain the relation between flavour in nose release and perception 

during consumption. 
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Chewing gum is not only a valuable commodity – 1.74 trillion sticks of chewing gum are produced 

annually (1) – but also an ideal model food that can be used for drug delivery and tailored to investigate oral 

processing. It is a combination of water-insoluble phase, the gum base, and other ingredients like powdered 

sugars, various softeners and flavourings (1). Although flavourings make up only a small amount (from 0.4 

to 1.0% p/w) of the final gum formula, they are fundamental for its perceived quality. During consumption, 

volatile organic compounds (VOCs) are transferred to saliva and to the air phase in the oral cavity being 

eventually transported to the olfactory receptors in the nasal cavity via the respiratory flow (retro nasal 

olfaction) (2). 

Aroma release and perception are dynamic processes which depend not only on flavour compounds, but 

also on matrix, oral processing and subject characteristics (3). For these reasons, chewing gum oral 

processing can be properly investigated by combining simultaneously dynamic sensory and instrumental 

techniques (4). 

As far as sensory investigation is concerned, different dynamic sensory methods have been developed and 

applied to investigate the temporal dimensions of sensory sensations during food consumption such as Time 

Intensity (TI), Temporal Dominance of Sensations (TDS), Progressive Profile (PP) and more recently the 

Temporal Check-all-That-Apply (TCATA) method (5–13). Among these, time Intensity (TI) methods have 

been amply used for chewing gum sensory evaluation in many different researches (14–19). According to 

Duizer et al., with a slowly changing product like chewing gum, it is also possible to have a dual-attribute TI 

(20). Another possibility for evaluating multiple sensory attributes during time is the discrete time-intensity 

(DTI) method where panellists are asked for repeated rating of single or few attributes at discrete time 

points (21–23). 

In vivo VOCs analysis provides information on the molecules that interact with our receptors by analyzing 

the air coming out of the nostrils (24) but faces different analytical challenges: the analysis should be fast 

(sampling time below 1 s), several compounds should be measured simultaneously and possibly at low 

concentration (25). In the last years, different mass spectrometry approaches were employed to investigate 

chewing gum aroma release with the so called in-nose or nose-space analysis (17,18,26–31). Atmospheric 

pressure chemical ionization mass spectrometry (APCI-MS) was the first analytical approach that was 

applied for in-nose analysis and has been used to monitor menthol and menthone release 

from peppermint oil in chewing gum during consumption (29,32,33) and other compounds like 

cinnamaldehyde, carvone, piperitone and jasmine (17,18). Proton transfer reaction mass spectrometry 

(PTR-MS) and, in particular the version equipped with a time of flight mass Analyser (PTR-ToF-MS), thanks 

to its high time resolution, can also be applied for breath analysis and nose-space measurement during 

consumption of food (30,34). Compared to APCI-MS, PTR-MS separates the formation of the precursor ions 

from the ionization region allowing for a more controlled ionization (35). The combination of PTR-MS 

analysis with TI is one of the best option to investigate flavour perception (36) and to verify how flavour 
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perception is controlled by flavour release and/or by cognitive processes. PTR-MS was used to characterize 

menthol release from different aroma encapsulation systems in mint flavoured chewing gum (37) and used 

on a mechanical device simulating mastication to perform a mass balance of both volatiles and non-volatiles 

added to chewing gum (38). 

Flavour release is influenced by different physiological parameters (39) which play an important role in retro 

nasal flavour release: salivary flow, breathing, mastication, and swallowing. The interaction of VOCs with 

saliva and oral mucosa may be the reason of inter-subject variability of the concentration of aroma in the 

nose-space (40). Data on salivary flow, breathing cycle, and mouth volume can be correlated with flavour 

release and perception (41). Flavour release is controlled not only by flavour concentration, but also by many 

other intrinsic and extrinsic factors as dissolution rate, sugar release, air bolus contact area, mass transfer 

coefficient in the bolus, sex and age (41–44). Cultural origin and, consequently, life experiences might also 

impact flavour perception (45–49). Instrumental in-nose-space monitoring may contribute to dissect 

possible effects of physiological parameters and cross-cultural differences and help to explain the complex 

phenomena of retro nasal perception. 

The present work, aims at investigating the impact of ethnicity, gender and physiological parameters, on 

flavour perception and release of mint chewing gum through in nose PTR-MS approach coupled to DTI 

sensory analysis and collection of physiological parameters like stimulated salivary flow, volume of oral 

cavity and fungiform papillae density. 

7.2 Material and methods 

7.2.1 | Product 

Samples were commercial mint flavour chewing gum (weight 1.0 ± 0.2 g) without any sugar coating 

or flavour encapsulation. The sweetener used in the product was sorbitol. 

7.2.2 | Subjects 

14 Caucasian-European and 15 Asian-Chinese panellists (13 male and 16 female) were selected 

among students from Wageningen University who lived most of their life in their own country. Chinese 

panellists moved out from their own country around 3 months before the experiments. European panellists 

were originally from the Netherlands or they moved there from their own European country since maximum 

1 year. Personal data and privacy signatures were collected through a questionnaire. All participants were 

non-pregnant, non-smoking and with no history of oral perception disorders or olfactory impairments. 

Recruited panellists had similar age (24 ± 1.4 years). Information on familiarity, consumption frequency and 

liking of the product were collected during the first training. The ethical committee of Wageningen 

University provided an official opinion that the EC approval is not needed for this study. 
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7.2.3 | Design of the study 

Before realizing the measurements, subjects underwent two training session of one our each During 

the training sessions, subjects were introduced to the experimental design, the experimental set-up and to 

the usage of the Labeled Magnitude Scale (LMS) according to Green et al. (1996) (50). Three kind of mint 

flavour commercial gums with different flavour intensity (low, medium and high) were used for training on 

attributes evaluation (sweetness and flavour intensity) and scale usage. Each trial lasted 5 min: subjects 

were introduced to instrumental set-up and they were instructed to breathe deeply and regularly. Oral 

cavity volume was measured in triplicate. The study was composed by two experimental sessions of 1 h each 

were three gums were evaluated. During the first experimental session, the salivary flow was initially 

measured. Then two of the three measurements per subject were done with a break in between the two 

replicates. During the second experimental session, salivary flow was measured again and the third replicate 

was consumed. At the end of this experimental session, pictures of the tongue for the papillary count were 

also taken. All participants were instructed to avoid drinking, eating and perfumes usage for 2 h before 

sessions. The experimental design is summarized in Figure 7.1. 

7.2.4 | Physiological parameters 

Three main parameters were considered: oral cavity volume, stimulated salivary flow and fungiform 

papillae density. The maximum oral capacity of each subject was measured in triplicate and then average 

volume, maximum volume and standard deviation were determined as described by Alsanei & Chen (51). 

Stimulated salivary flow (g/l) was measured with the parafilm method (52) by using 0.29 g Parafilm 

(American National Can, Chicago, IL, USA). The salivary flow evaluation was done for 6 min. The first minute 

only unstimulated saliva was measured. From the second minute a piece of parafilm was introduced in the 

mouth and participants were asked to chew regularly. Saliva expectoration was done at the end of each 

minute. Fungiform papillae count was performed by taking pictures of participants' tongues according 

to Monteleone et al. (53). 
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Figure 7.1: Schematic representation of the experimental design. 

7.2.5 | Nose-space analysis 

The experimental set up was adapted from previous PTR-MS in nose studies (28,30). Laboratory air 

was sampled for 20 s without any interaction with subject. After 20 s panellists were asked to insert two 

Teflon tubes (6.8 mm of diameter and 6.4 cm long at room temperature, then heated at 95 °C) in the nose 

and start breathing normally through the nose (mouth closed). Their breath was sampled for 60 s. At the 

end of this minute, participants received the gum and started chewing it. Nose-space was analysed for the 

next 7 min. At the seventh minute panellists were asked to remove the gum from the mouth and keep on 

breathing for two more minutes without product. This was done in triplicate for each subject. During all the 

evaluations, the judges had to keep their mouth closed. No mastication protocol was prescribed. 

7.2.6 | PTR-MS conditions 

A commercial PTR-MS instrument (Ionicon Analytik GmbH, Innsbruck, Austria) equipped with a 

time of flight and a quadrupole ion guide (PTR-QiToF) was used for volatile analysis. The ionization 

conditions, with H3O+ as precursor ion, were the following: 670 V drift voltage, 91.5 °C drift temperature, 

1.87 mbar drift pressure, resulting in an E/N ratio of 139 Td. Acquisition was set to 1 spectrum per second. 

Sampling was carried out via a heated (95 °C) inlet tube with an inlet flow of 45 sccm. 

�1 

�2 
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7.2.7 | Discontinuous time evaluation of sensory perception 

Simultaneously to the PTR-MS in-nose analysis, panellists rated the perceived flavour and 

sweetness intensities at different time intervals by using a LMS. The scale was constructed by taking the 

frame developed by Green et al. (1996) (50). To avoid the compression effect that can occur with a general 

labeled magnitude scale and that could led to less differentiation power among subject (23), for each scale 

the anchor words explained during the training session were adopted. Subjects were asked to 

simultaneously rate perception of chewing gum sweetness and minty flavour at different time intervals (10s, 

30 s, 1 min, 2 min, 3 min, 5 min, 7 min and 8 min). Eye-Question software (version 4.8) was used to collect 

the data through a laptop that was put in front of the subjects. Water was provided to the assessors to 

cleanse their palate between samples. 

7.3 Data analysis 

7.3.1 | Physiological and sensory data analysis 

Pictures of the tongue were processed by using ImageJ software (open source license) and the 

Matlab (Mathsworks, ver. R2015a) scripts according to the procedure described by Piochi et al. (54). Sensory 

data were log-transformed accordingly to the semi-log nature of the scale (50). Assumption of homogeneity 

of variance and normality distribution were checked by using Levene and Shapiro tests for sensory data. 

Welch's t-test was then applied on both sensory and physiological data to find differences between the 

mean values of different classification groups. To explore each set of data, descriptive statistic was also 

computed for each situation. Linear regression models were used to investigate the effect of physiological 

parameters on both sweetness and flavour perception. 

7.3.2 | PTR-QiToF-MS data treatment analysis and peak selection 

PTR-MS data were treated with TOFO office software (Department of Food Quality and nutrition, 

Edmund Mach Foundation) according to Cappellin et al. (55). A total of 45 mass peaks were obtained, 

ranging from m/z 20 to m/z 250. A further selection of the mass peaks was then realized. Firstly, peaks 

attributed to 13C isotopologues and water clusters were discarded. Then, to identify the product volatile 

compounds, signals from the panellists baseline breath (60 s) were compared with the ones that appeared 

as soon as panellists started masticating the gum (adaptation from (31)). Mass peak identification was based 

on literature available for aroma compounds contained in mint essential oil usually employed as flavour in 

minty chewing gum (56–58). In this paper, the experimental m/z values are reported up to the third decimal 

place. 
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7.3.3 | PTR-MS data processing and statistical analysis 

For each relevant mass peak selected, means in parts per billion by volume [ppbV] concentrations 

for 20 s time bins were computed and used to both visualize trends and to statistically compare groups. This 

allowed to stabilize the data because of the high variability due to the breathing cycle, which characterize in 

vivo data. 

As for sensory data, descriptive statistic was computed for each situation and assumption of homogeneity 

of variance and normality distribution were checked by using Levene and Shapiro tests. Welch's t-test was 

used to find differences between the mean values of different classification groups at the different time bins 

for the relevant mass peaks. Analysis of variance (ANOVA) was used to investigate difference in flavour 

perception and flavour release during time. Linear regression models were used to investigate the effect of 

physiological parameters on flavour release and perception. Principal component analysis (PCA) was 

conducted on the scaled data set corresponding to 29 rows (the 29 subjects) and 14 columns (oral cavity 

volume, salivary flow and 12 selected mass peaks) to find data latent structure according to indications 

reported elsewhere (59). 

7.3.4 | Software 

Data were analysed with R (version 3.4.3) (R foundation for statistical computing, Vienna, Austria), 

ggplot2 (H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York, 2009) and 

Microsoft Excel (version 2016). 

7.4 Results 

7.4.1 | Physiological parameters 
Cumulative demographic and physiological data (Chinese vs European and female vs male) are 

presented in Table 7.1 while information for single panellists is provided as supplementary materials (Table 

S7.1). All the participants were familiar with the product but two Chinese panellists. 

Differences between the different groups in physiological parameters were checked by running Welch's two 

sample t-tests. The only significant difference found was between male and female in the volume of the oral 

cavity (p < .05). Male panellists presented a higher volume of oral cavity which is in agreement with previous 

studies (60,61). No significant correlation between oral cavity volume, salivary flow and flavour release was 

found. The same was found for the number of fungiform papillae and sweetness perception. 
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Table 7.1: Physiological parameters. Average Oral Cavity Volume (O.C·V.) is the mean value of 
the three measurements of the oral cavity volume (ml) with the associated standard deviation. For 
O.C·V. and salivary flow, average values for male and females are presented in brackets. 

Group Participants Age Average O.C.V [ml] Salivary flow [g/min] N. Papillae 

Caucasian-European 15 23.8 ± 1.2 93.6 ± 19.2 4.3 ± 2.0 52.5 ± 16.9 

Asian-Chinese 15 23.3 ± 1.5 81.9 ± 16.8 3.4 ± 1.3 60.0 ± 21.7 

Males 14 23.9 ± 1.6 101.3 ± 17.4 4.4 ± 2.7 59.5 ± 23.9 

Females 16 23.2 ± 0.9 77.2 ± 13.7 3.9 ± 1.4 52.9 ± 13.8 

7.4.2 PTR-MS in nose-space analysis 

In Table S7.2 the mass peaks obtained by PTR-MS analysis are presented. The peak selection 

processes identified 6 volatile organic compounds related to the peppermint oil: these compounds and 

some of their fragments were considered for further statistical analysis and are presented in Table 7.2. 

Additionally, three mass peaks signals, associated to breath compounds (m/z = 44.996, m/z = 60.053 

and m/z = 69.069 identified as carbon dioxide, acetone isotope and isoprene respectively) produced 

normally by humans were selected to monitor panellists' breathing. 
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Table 7.2: Mass peaks list selected from the PTR-MS analysis. The following compounds and some 
of their fragments were used for further statistical analysis. 

Monitored 
Molecule 

Sum Formula 
(protonated) 

Peak 
(m/z) 

Fragments Reference 

Chewing gum flavour compounds 

Monoterpens C10H16H+ 137.133 
67.054, 81.068, 
93.069, 95.086, 

109.101 

(Heenan et al., 2012; Maleknia, Bell, & 
Adams, 2007; Masi et al., 2017; Tani, 

Hayward, & Hewitt, 2003; Sine Yener et 
al., 2015) 

(−) Menthol C10H14OH+ 
(dehydration) 

139.148 83.085 
(Davidson et al., 1999; Heenan et al., 

2012; Španěl & Smith, 1998) 

Menthofuran C10H14OH+ 151.112  
(Dimandja, Stanfill, Grainger, & 

Patterson, 2000; Kumar, Shukla, & 
Samad, 2014; Masi et al., 2017) 

1,8 –cineole / (+ | 
−) menthone 

C10H18OH+ 155.144  (Heenan et al., 2012; Masi et al., 
2017; Steeghs, 2004) 

Menthyl acetate C12H2202H+ 198.162 
81.068, 83.085, 

139.148 
(Heenan et al., 2012; Masi et al., 2017) 

Breath compounds 

Carbon dioxide C02H+ 44.996  (Moser et al., 2005) 

Acetone 
(isotope) 

C2[13]CH6OH+ 60.053  (Heenan et al., 2012; Moser et al., 2005) 

Isoprene C5H8O2H+ 69.069  (Moser et al., 2005) 

 

Figure 7.2 shows the dynamic emission of the flavour compounds in time: in this case it is not 

decreasing over the course of product consumption (7 min) and, it appears, in most of the measurements, 

quite constant regardless the panellist's origin and gender. 
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Figure 7.2: Concentration [ppbV] during time of the mass peak 155.141 (top panel) and 60.053 (bottom panel) 

identified respectively as + | − Menthone / 1,8-cineole and as the acetone isotope. Time at which the product 

starts to be consumed and its removal from the mouth are indicated on the upper part of the figure. 

When subjects were asked to remove the gum from the mouth, a spike in flavour release was often 

observed for most mass peaks. For this reason, no maximum intensity (Imax) or time at which maxim intensity 

occurred (tmax) was considered in the analysis. Moreover spikes are also associated to swallowing events (Fig. 

7.2) (62,63). 

In Figure 7.3 the flavour release curves of different mass peaks for the different groups and subgroups are 

summarized. 

 

Product in 

Product out 
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Figure 7.3: Average release during time for some of the relevant mass peak: (A) m/z = 137.134 (C10H16H+) 

Monoterpens (B) m/z = 139.148 (C10H19
+) (−)Menthol / Fragment of Menthyl Acetate. (C) m/z = 151.113 

(C10H14OH+) Menthofuran. (D) 155.141(C10H18OH+) 1–8 Cineole /Menthone. Distinction between Chinese and 

European panellists are shown based on colour while distinction based on sex is indicated by different line types 

and symbols. 

The aroma compounds m/z 137.133 and 151.113, rapidly increased at the beginning of mastication 

reaching a maximum around 40 s, then they slowly decrease. On the other hand, m/z 139.148 and 155.141 

increase rapidly at the beginning of the consumption and then continue to increase until the moment the 

product was discarded. The most striking result highlighted in Fig. 7.3 is that Chinese panellists presented a 

higher concentration of the aroma compound in the retro nasal cavity than European panellists. Computed 

bins of 20 s were compared between the groups and the p. values obtained from the Welch's two samples t-

test are reported in Table 7.3 for mass peak m/z 137.133, which represents monoterpenes. This phenomenon 

is not connected to a specific compound: all the other mass peaks representative of the other aroma 

compounds showed the same trend (Table S7.3 – S7.6). Differences between Caucasian and Chinese 

panellists are statistically significant (p value < .05) generally after 80 s of consumption. The differences in 

flavour concentration disappear only after the chewing gum was discarded (approx. 450 s). 
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Table 7.3: Welch's t-test p values. For each time interval Chinese and Europeans and the total of 
males and females are compared for the aroma release of m/z 137.133. * and ^ shows time bins that 
reported a p.value < .01 for the origin effect and gender respectively. 

Time intervals Mean Chinese [ppb] Mean European [ppb] Mean Female [ppb] Mean Male [ppb] 

0–20 s 11.4 ± 8 13.2 ± 10 14.2 ± 10 10.5 ± 6 

20–40s 30.9 ± 20 25.4 ± 14 31.5 ± 21 25 ± 16 

40–60s^ 34.1 ± 20 25.8 ± 16 36.1 ± 21 23.9 ± 13 

60–80s 37.2 ± 23 28.2 ± 17 35.5 ± 22 30.1 ± 19 

80–100 s*^ 34.5 ± 20 23.4 ± 13 34.8 ± 19 23.4 ± 13 

100–120 s* 34.2 ± 22 23 ± 14 33.3 ± 20 24.1 ± 18 

120–140 s* 42.4 ± 21 28.1 ± 20 39 ± 22 31.8 ± 21 

140–160 s* 38.9 ± 25 22.3 ± 13 36.1 ± 20 25.5 ± 21 

160–180 s* 35.9 ± 19 21.7 ± 12 31.6 ± 17 26.2 ± 17 

180–200 s* 41.7 ± 28 26.2 ± 19 37.3 ± 23 31 ± 26 

200–220 s* 37.4 ± 22 22.7 ± 14 33.8 ± 20 26.6 ± 18 

220–240 s*^ 31 ± 20 20.2 ± 13 31.2 ± 20 20.2 ± 13 

240–260 s* 33.4 ± 19 20.9 ± 10 31.3 ± 19 23.3 ± 13 

260–280 s* 32.8 ± 24 21.8 ± 11 30 ± 18 24.8 ± 17 

280–300 s* 32 ± 17 20.9 ± 11 29.2 ± 15 23.7 ± 16 

300–320 s*^ 42.8 ± 25 24.8 ± 17 41.4 ± 26 26.6 ± 17 

320–340 s*^ 35.3 ± 19 21.5 ± 14 34.5 ± 20 22.6 ± 14 

340–360 s* 34 ± 22 21.7 ± 15 33.4 ± 23 22.6 ± 14 

360–380 s*^ 33.4 ± 23 16.7 ± 12 32.1 ± 24 18.4 ± 12 

380–400 s* 35.7 ± 25 19.7 ± 12 33.4 ± 22 22.2 ± 19 

400–420 s*^ 35.8 ± 22 21 ± 12 34.5 ± 21 22.7 ± 16 

420–440 s*^ 40.4 ± 23 26.6 ± 22.9 43.4 ± 26 24.2 ± 17 

Gum out 

440–460 s* 23.1 ± 16 13 ± 13 5.3 ± 3 6.7 ± 4.2 

460–480 s 7.1 ± 4 5 ± 3 4.5 ± 5 3.7 ± 2 

480–500 s 5 ± 3 3.2 ± 2 14.2 ± 11 10.5 ± 8 

 

From Fig. 7.3 it is also possible to see that females presented a higher release then males for both 

origin groups. However, the differences in aroma release found between gender were smaller than the one 

found for origin: significant differences (p.value < .01) were found just for few time bins. The significance of 
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the origin effect was confirmed also by two-way ANOVA (p.value < .01) for the origin but not for the gender 

at a certain time interval. 

In Fig. 7.4, a PCA analysis performed using all the relevant mass peaks and physiological parameters is 

shown. 

 
�
Figure 7.4: Principal component analysis biplot. PC1 is represented by flavour compounds release, PC2 by 

physiological parameters and acetone level in the breath. The two clusters (Chinese and European panellists) 

are highlighted with frames of different colours while gender distinction is highlighted based on shape. 

The first two components explained 77% of variance. Half of the Chinese panel clearly cluster on the 

left side of the plot, which represents a higher flavour release for all mass peaks of the chewing gum. Oral 

cavity volume and acetone concentration did not correlate with flavour release, which is represented by PC2 

while mass peaks responsible for the mint aroma separated European from Chinese panellists. Even though 

differences in acetone level were found between the two groups, this mass peak does not seem to influence 

the chewing gum VOCs release (Figure 7.4). It can also be noticed that salivary flow is negatively correlated 

with aroma release mass peaks signals. 

7.4.4 | Sensory evaluation during time 

The dynamic perception of the overall mint flavour and sweetness divided by origin and gender is 

shown in Fig. 7.5. After the first two minutes of consumption, the perception of both sweetness and flavour 

decreases during time in a similar fashion. To investigate more in detail, perception evolution during time, 

a 1-way ANOVA was performed on the evaluated time intervals (10, 30, 60, 120, 180, 300, 420, 480 s). A 

significant effect of time is present (p.value < .05) on both flavour and sweetness. A pairwise t-test with a 
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Bonferroni correction found out that a significant decrease in perception occurred at 180 s while no 

significant differences were found between the last three sensory evaluations (300, 420 and 480 s). 

 

Figure 7.5: Perceived intensity of overall mint flavour and sweetness during time. Distinction based on gender 

and origin are highlighted by using different colours, different line shapes and symbols. 

From Figure 7.5 it is also possible to observe that, especially at the beginning of the consumption, 

the Chinese panel has higher scores than the European panel for both the sensory attributes while gender 

differences are less evident. 2-way ANOVA found a significant effect (p.value < .01) only for origin and not 

for gender. Perception comparison at each evaluation time between Chinese and European panellists was 

then made by using Welch's two sample t-test. The output of the analysis is summarized in Table 7.4, which 

also shows that Chinese panellists perceived both attributes higher than European panellists at the 

beginning of the consumption: the means' differences are significant at 10, 30, and 60 s of evaluation for 

attribute flavour and significant at 30 and 60 s for attribute sweetness (p value < .05). The same procedure 

was applied to check differences in perception of flavour and sweetness for gender: no significant 

differences were found. 
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Table 7.4 Welch's t-test output for comparison of flavour and sweetness perception means between 
the origin of the panellists. * indicate that there is a significant difference (p.value < .05). 

EVALUATION TIME ATTRIBUTE Log MEAN CHINESE Log MEAN EUROPEAN 

10 s 
FLAVOUR 2.97 ± 0.6* 2.41 ± 0.6* 

SWEETNESS 2.91 ± 0.6 2.49 ± 0.6 

30 s 
FLAVOUR 3.04 ± 0.6* 2.41 ± 0.5* 

SWEETNESS 3.05 ± 0.6* 2.47 ± 0.5* 

60 s 
FLAVOUR 3.00 ± 0.5* 2.37 ± 0.6* 

SWEETNESS 3.05 ± 0.6 * 2.53 ± 0.5* 

120 s 
FLAVOUR 2.47 ± 0.5 2.43 ± 0.5 

SWEETNESS 2.93 ± 0.5 2.54 ± 0.5 

180 s 
FLAVOUR 2.88 ± 0.5 2.40 ± 0.5 

SWEETNESS 2.79 ± 0.6 2.37 ± 0.6 

300 s 
FLAVOUR 2.24 ± 0.5 2.00 ± 0.5 

SWEETNESS 2.23 ± 0.6 2.08 ± 0.5 

420 s 
FLAVOUR 1.90 ± 0.6 1.88 ± 0.4 

SWEETNESS 1.82 ± 0.6 1.87 ± 0.5 

480 s 
FLAVOUR 1.61 ± 0.8 1.68 ± 0.3 

SWEETNESS 1.60 ± 0.7 1.46 ± 0.5 

 

In Figure 7.6 are presented on the same plot the means of the in nose concentration of different 

mass peaks and the flavour perception scores during time by centring and scaling the values. In this way it 

is possible to visually compare the trends of the two aspects during time. The mass peak m/z = 151.113 

identified as menthofuran, follows the same decreasing trend of the overall mint flavour perception. The 

other mass peaks (m/z = 137.133, 139.148) present a different trend. In particular, the mass peak of 

monoterpenes, after reaching a maximum remains constant until the removal of the product. The same 

trend was observed for other mass peaks (m/z = 81.069 and 155.141) On the other hand, the mass peak 

identified as menthol (and fragment of menthyl acetate) shows an increasing trend for all the mastication 

duration till the removal of the product. 
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Figure 7.6: Mean volatile releases of different mass peaks in nose concentration and mint flavour perception 

intensity (dTI curve) for all the panel during product consumption. All data were centred and scaled for allowing 

to visually compare the trends. 

7.5 Discussion 

The present results highlight a significant ethnicity effect in terms of both sensory perception and 

flavour release. During chewing gum consumption, Chinese panellists had a higher perception of both 

sweetness and overall mint flavour which parallel an higher in nose concentration of the flavour compounds. 

Gender had a limited effect as only a marginal significant difference related to the oral cavity volume was 

found. As expected high inter-individual variability, reflected in the nose-space signal, was observed (28). 

Despite of these inter-individual differences, differences in both sensory perception and in vivo flavour 

release between Chinese and European panellists were measured. 

Physiological parameters have a limited role in explaining these differences. In line with previous studies, a 

weak negative correlation between salivary flow and flavour release (33) and a weak positive correlation 

between density of taste papillae and sweetness perception were found (64,65). The fact that no strong and 

significant correlation between physiological parameters and flavour release was found may indicate that 

single physiological parameters are not good predictors of such a complex phenomenon, where probably a 

larger combination of different factors is required (43,66). Oral cavity volume did not clearly explain the 

variability in both flavour perception and release. Male panellists had a significant larger oral capacity than 

female, although in this case it was found to have a limit impact on the amount of aroma release. Finally, 



Chapter 7

182	

Ethnicity, gender and physiological parameters: their effect on in vivo flavour release and perception 

182 

Chinese panellists show a lower average of saliva flow rate (even though not statistically significant) when 

compared to Europeans. 

During the 7 min of consumption the different compounds have slightly different trends for the measured 

in nose concentration. These differences are probably due to each aroma compound concentration in the 

chewing gum and to the compound physical and chemical properties included the affinity for saliva (i.e., the 

dissolution) and salivary components (i.e., molecular interaction, enzymatic degradation) that are key 

parameters in flavour perception (67). For m/z = 155.141 and m/z = 139.148 corresponding respectively to 

menthone (and 1,8-Cineole) and menthol, the trends are in line with previous studies where similar chewing 

gum (without sugar coating and with not encapsulated peppermint oil as aroma) were used (29,37,57). The 

mass peak m/z = 151.113 identified as menthofuran, is the only compound showing a decreasing trend. It 

may be due to its lower concentration in the food matrix that leads to its gradual consumption during the 

mastication. 

For the further discussion, the gum consumption is broken up in three different portions of time: first 90 s, 

from 90 to 420 s and from 420 to 500 s. Generally, at the beginning of consumption (first time interval) 

differences in flavour concentration are not observed while in the second and third ones differences are 

observed for in-nose flavour concentration (see Table 7.3). The pulse of exhalation just before chewing gum 

removal (Figure 7.2) it is most likely due to the “swallow-breath” phenomenon which occurs when the 

epiglottis and trachea re-opens during the pharyngeal stage of the swallowing. This situation leads to the 

access of odorants in the nasal cavity, and ultimately, to an aroma pulse (39). 

In the third time interval, the gum was removed from the mouth and differences between the Chinese and 

the European panels were still present, especially, immediately after the product was discarded. After the 

removal, aroma compounds remains in saliva for a variable amount of time (33): at this stage, differences in 

flavour release might be due to different volume and chemical composition of saliva or/and mucosa rather 

than different chewing behaviour because no mastication was performed in those last time intervals. In fact, 

flavour compounds release, can be influenced by many different processes such as adsorption to salivary 

proteins and mucous membranes, enzymatic reaction, non-covalent or covalent binding and saliva buffering 

capacity (68–70). In our case, all the aroma compounds under investigations have an hydrophobic nature 

(log P = 2.5 to 3.6) and it is therefore possible that individual differences in saliva protein concentrations 

resulted in a different reduction of hydrophobic compound release due to the aromatic compounds binding 

by saliva proteins  (71). 

Moreover, differences in flavour release in the second and third time intervals may be due to the lower 

average of saliva flow rate of the Chinese panellists. Higher salivary flow was related to a lower flavour 

release of mint aromas during both in vivo consumption (33) and in amodel mouth system where larger saliva 

volumes decreased release of aroma compounds (70,72–75). However, it should be noticed that in literature 

contrasting results were found on the role of salivary flow on flavour release: Guinard et al. found that 
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salivary flow influences only the rate of release but not the lasting and the intensity of aroma released during 

chewing gum consumption (76) while Pionnier et al. (77,78) observed no significant influence of salivary flow 

rate on VOCs release. 

We then hypothesize, that the observed ethnicity differences in flavour release are partially given by 

different salivary flow. As well differences in saliva composition might play a role in explaining ethnicity 

differences in flavour release. Saliva proteins can interact with aroma compounds through both covalent 

and non-covalent bonds and consequently influence their partitioning between the liquid and air phases (71). 

Moreover, salivary protein like proline-rich proteins, cystatins, mucins salivary amylases and esterase are 

able to bind or degrade food volatile, to retain molecules in the liquid phase or favour their release by 

enzymatic hydrolysis of ester bounds (69,70,79,80). A great inter-individual variation in both the flow and 

the salivary composition (e.g. mucins, proline-rich proteins, sodium, amylolytic, proteolytic and lipolytic 

activities) is present in humans, which has been related to differences in both flavour release and perception 

(67,81). For instance, inter-individual differences in the quantity of menthone released during the 

consumption of a sweet mint table could partly be explained by the total protein concentrations in subjects 

saliva (43). Diet and environment have been shown to affect saliva composition. For example, the expression 

and the levels of salivary amylase protein are affected by the type of diet (i.e. low or high-starch) (82) while 

vegetarian diet was found to have an effect on saliva secretion rate, buffer capacity and sodium 

concentration (83). Saliva composition and activity (like total antioxidant capacity ad amylolysis) are also 

correlated to carbohydrate intake (84). As well, the consumption of relatively large amounts of coffee and 

broccoli increases the activity of certain salivary enzymes like the cytosolic class 3 aldehyde dehydrogenase, 

some gluthanione S-transferases and DT-diphorase (85). 

Composition of the oral microbiota may also have an effect on aroma perception and release (69,81). 

Analysis of the salivary microbiome has revealed a high diversity between individuals even if variation 

between geographical locations and ethnicity are still unclear (86–88). 

Therefore, differences in diets, environment and genetic expression have all a relevant role in determining 

saliva composition in terms of both oral microbiota and proteins. These differences then may help in 

partially explaining the observed differences in flavour release between the two groups (Chinese and 

Europeans). 

Another factor that may explain the differences in flavour release are the different eating behaviours. In this 

study it was decided to have a free protocol for chewing, breathing and swallowing to not overstress 

participants, to let intra-subject and inter-subject variability emerge if present and also based on the 

indications found by Leclercq and Blancher (89). However, it cannot be excluded that differences in eating 

behaviours may also play a role in different flavour release from the chewing gum. The mastication rate, the 

number of chews and the chew amplitude are all positively correlated with high concentration of volatiles in 
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the nose (33,73,75,77,90). Moreover, menthone release during the consumption of sweet mint tables is 

influenced by oral processing which induced, or did not induce, the opening of the velum (43). 

For the sweetness and flavour perception the participants evaluations are in line with previous researches: 

a maximum after few minutes followed by a decrease in both sweetness and flavour intensity 

(17,18,20,37,57). Flavour perception during time statistically decreases already at 180 s while this does not 

happen for in-nose VOC concentration that reaches a peak and then remains constant until the product is 

removed from the mouth. This indicates that sensory perception, in many cases, is rather influenced by 

other factors such as sucrose concentration in the mouth, cross-modal perception, textural properties of the 

food matrix and, ultimately, sensory adaptation during time (29,91,92). 

Sweetness release may have played a role in determine this difference in trends as it is reported by Davidson 

et al. who found that the sensory flavour perception is more controlled by sweetness concentration in the 

mouth rather than menthone concentration in the nose-space (29). 

When coming to group comparison for the sensory attributes, our findings are in accordance with what was 

found by Murray et al. who compared food choices and preferences between Chinese and European-origin 

Australian consumer and the first rated sensory attributes significantly higher than Australian subjects (93). 

As a matter of fact, sweetness perception differs across different cultures for genetic variability, liking and 

food-specific discrimination ability reasons (94,95) and significant differences in retro nasal identification 

were found among culture (47). 

As well, the difference in salivary flow previously highlighted may explain not only the lower aroma release 

but also the lower sensory perception for the flavour intensity in the European group. It has been 

hypothesized that saliva can dilute taste stimuli and decrease taste (67) even if the precise impact of saliva 

on aroma perception has never been directly investigated (69). 

In our study, it is interesting to note that the difference in both sweetness and flavour perception is 

significant at the beginning of the consumption, while the in-nose concentration is not significantly 

different. This suggests that the higher release may not be the only reason behind the higher perception but 

also cultural difference in the scale's usage and different previous experienced of the product played a role 

(96,97). Lack of difference between male and female in sensory evaluation of flavour intensity is consistent 

with the results from VOCs in-nose concentration. 

In vivo studies are needed to investigate flavour release since they account for continuous changes in 

volume, composition, and viscosity of food bolus during mastication (39). However, this work presented 

some limitations. First, for practical reasons, the adopted experimental design can be considered 

ethnocentric in terms of environment, language and context. The sensory output may then be biased by this 

factor (96,98). Secondly, the carryover effect of the product was not investigated in detail. Previous analysis 

on similar products indicated that carryover effects were detected till 1 h after consumption (33). Extra 

attention should be paid when working with long lasting compounds like menthone and menthol. However, 
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in our case rinsing procedures reduced the aroma residuals risks. Finally, it should be considered that the 

study was conducted on a relativly small sample and further studies in this direction should aim at a higher 

number of participants to have a better representation of population variability. As well, future studies 

should be toward the investigation of saliva and mucosa composition, their role on in vivo flavour release 

and perception, and how do they differ among ethnic groups. Moreover, the possibility to include data 

collection about eating behavior during consumption (e.g. mastication rate, number of chews), may add 

information about the origin of the flavour release differences that were observed. Finally, it is important, 

for future research to consider also a different kind of perception investigation, with a less ethnocentric 

experimental design. It should rather be used an emic approach, based on categories and meaning 

understood internally by both ethnic groups. 

7.6 Conclusion 

A significant difference between Chinese and Europeans has been observed for in nose flavour 

release for aroma compounds related to mint flavoured chewing gum. The same differences were found for 

sweetness and flavour perception. These differences were not explained by the physiological parameter 

considered, as they did not explain the variability in flavour release and perception. The mechanism 

underlying the different aroma persistence in the oral and nasal cavity of Chinese and European panellists is 

not yet clear. Further research is needed in both the underlying mechanisms and the ethnical variability (69). 

However, this paper provides both methodological and fundamental insights for further investigation in 

geographical variability in flavour release and perception. In terms of ethnical variability in in vivo flavour 

release, this article presents a totally new field of research which has not been investigated before. Clarifying 

inter-individual differences, not only represents a step forward for the tuning of food products for different 

markets, but it can be also a step forward for a more mechanistic understanding of what is happening in 

consumer's mouth during product consumption. 
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7.9 Supplementary materials 

Table S7.1: Physiological parameters. Average Oral Cavity Volume (O.C.V.) is the mean value of 
the three measurements of the oral cavity volume (ml) and the standard deviation. Max O.C.V 
represents the maximum oral cavity volume among the measurements. In number of papillae (N° 
papillae), NA value represents pictures where the image resolution was not high enough to 
determine an accurate count. 

Code Origin Age Gender 
Average 
O.C.V. 

Max. 
O.C.V. 

Salivary flow 
(g/min) 

N° papillae 

C1 CHINA 22 F 84.54 ± 5.36 89.44 2.38 51 
C2 CHINA 23 F 74.15±0.35 74.54 3.21 NA 
C3 CHINA 24 F 73.10±2.49 75.97 3.90 75 
C4 CHINA 23 F 92.02±1.49 93.23 2.82 48 
C5 CHINA 23 F 100.17±3.19 102.66 5.95 76 
C6 CHINA 28 M 91.83±3.79 95.88 2.79 82 
C7 CHINA 22 F 58.23±3.20 59.75 4.19 61 
C8 CHINA 24 F 65.27±5.10 70.77 4.93 52 
C9 CHINA 24 F 47.88±8.73 56.38 4.48 36 

C10 CHINA 23 F 80.03±3.62 81.93 2.68 55 
C11 CHINA 23 F 91.34±6.53 96.74 1.97 17 
C12 CHINA 24 M 94.97±4.39 98.02 1.73 56 
C13 CHINA 22 F 91.53±4.41 96.27 2.27 91 
C14 CHINA 23 M 111.00±4.95 113.95 4.79 44 
C15 CHINA 22 M 72.61±2.52 111.18 2.73 94 
E1 EUROPE 23 M 120.97±3.66 126.73 3.47 52 
E2 EUROPE 24 M 114.41±3.20 117.42 2.67 40 
E3 EUROPE 22 F 66.37±3.19 70.02 2.53 31 
E4 EUROPE 23 M 92.57±2.44 98.63 5.62 60 
E5 EUROPE 25 M 98.43±2.44 100.04 3.98 21 
E6 EUROPE 25 M 134.97±2.28 136.58 5.65 58 
E7 EUROPE 24 M 92.30±11.80 102.71 3.23 72 
E8 EUROPE 25 F 79.18±1.43 80.83 3.12 68 
E9 EUROPE 23 F 74.13±3.62 78.24 7.14 51 

E10 EUROPE 24 F 85.08±2.72 86.86 3.26 41 
E11 EUROPE 23 M 89.81±5.02 93.36 3.18 NA 
E12 EUROPE 24 F 72.08±3.79 74.28 4.03 39 
E13 EUROPE 22 M 91.83±5.45 106.36 4.61 84 
E14 EUROPE 23 M 97.08±4.50 102.00 9.18 56 
E15 EUROPE 26 M 90.7±2.34 93.29 1.77 62 
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Table S7.2: Mass peaks list obtained by PTR-MS analysis. Mass peaks in bold identify compounds 
possibly  related to aroma compounds contained in mint essential oil. * highlights mass peaks 
associated to aroma compounds emitted by humans. 

Measuer
d mass 
(m/z) 

Theoretic
al mass 

Chemical 
Formula 

Tentative 
identification 

Reference 

41.038 41.0391 C3H5+ Alkyl fragm 
alcohol 

(S Yener et al., 2014) 

43.017 43.0184 C2H3O+ Common 
fragment 

(S Yener et al., 2014) 

44.996* 44.9971 CO2H+ Carbon dioxide (Moser et al., 2005) 

45.033 45.0340 C2H4OH+ Acetaldehyde (Heenan et al., 2012; Pedrotti et al., n.d.) 

60.052* 60.0525 C2[13]CH6OH+ 2-propanone 
isotope 

(Heenan et al., 2012; Moser et al., 2005) 

67.054 67.0547 C5H7+ Terpene 
fragment 

(Sine Yener et al., 2015) 

69.069* 69.0704 C5H8H+ Isoprene (Moser et al., 2005) 

75.044 75.0440 C3H6OH+ Methyl-
acetate/acetol 

(Charles et al., 2015a) 

77.059 77.0597 C3H8O2H+  
 

79.054 79.0542 C6H7+ Benzene (Vita et al., 2015) 

81.068 81.0699 C6H9+ Fragment of 
menthyl 

acetate, 1-8 
cineole and 

monterpenes 

(Heenan et al., 2012; Masi et al., 2017) 

82.067 82.0651 C5H7NH+ 1-methylpyrrole 
 

83.085 83.086 C6H11+ Fragment of 
menthyl 
acetate / 

fragment of 
menthol 

 

93.069 93.0699 C7H9+ Fragment of 
monoterpenes 

(Masi et al., 2017; Tani, Hayward, & Hewitt, 2003) 

95.086 95.0855 C7H11+ Fragment of 
monoterpenes 

(Masi et al., 2017; Tani, Hayward, & Hewitt, 2003) 

97.101 97.1012 C7H13+ Alkyl fragment (Aprea et al., 2015) 

108.967 
    

109.101 109.1011 C8H13+ Terpene 
fragment 

(Masi et al., 2017) 

112.096 
  

Unknown 
fragment 

 

123.118 123.1168 C9H15+ Sesquiterpene 
fragments 

(Masi et al., 2017) 

137.134 137.1324 C10H16H+ Mix of 
mononoterpen

es 

(Maleknia et al., 2007; Masi et al., 2017; Tani et al., 
2003) 



Ethnicity, gender and physiological parameters: their effect on in vivo flavour release and perception

7

	 193

Chapter 7 

193 

139.148 139.1487 C10H19+  (deh
ydration) 

(-) Menthol / 
fragment of 

menthyl 
acetate 

(Davidson et al., 1999b; Heenan et al., 2012; 
Španěl & Smith, 1998) 

151.113 151.1123 C10H14OH+ Menthofuran (Kumar et al., 2014; Masi et al., 2017) 

153.130 153.1274 C10H16OH+ Carveol  (Maleknia et al., 2007) 

  155.141 155.1436 C10H18OH+ 1-8 cineole / 
menthone 

(Heenan et al., 2012; Masi et al., 2017; 
Steeghs, 2004) 

Table S7.3: Welch’s t-test p values. For each time interval Chinese and European and the total of 
males and females are compared for the aroma release of peak m/z  95.086. * shows time bins that 
reported a p.value<.01 for the origin effect while ^ indicates the one that showed a significant 
difference for the gender variable. 

Time intervals Mean Chinese [ppb] Mean European 

[ppb] 

Mean Female 

[ppb] 

Mean Male 

[ppb]  

0-20 sec 2.73 ± 1.49 3.32 ± 2.38 3 ± 2.19 3.04 ± 1.79 

20-40sec 6.73 ± 4 6.06 ± 3 6.66 ± 3.7 6.14 ± 3.4 

40-60sec 7.58 ± 3.95 6.4 ± 3.61 7.91 ± 4.24 6.11 ± 3.13 

60-80sec 8.24 ± 4.4 6.74 ± 3.8 7.87 ± 4.69 7.14 ± 3.59 

80-100sec* 8.04 ± 4.01 5.85 ± 2.69 7.88 ± 3.92 6.06 ± 2.98 

100-120sec* 8.11 ± 4.68 5.71 ± 2.87 7.51 ± 4.02 6.36 ± 4.06 

120-140sec* 9.39 ± 3.84 6.57 ± 3.6 8.75 ± 3.95 7.26 ± 3.89 

140-160sec* 8.84 ± 4.95 5.55 ± 2.45 7.92 ± 3.91 6.53 ± 4.47 

160-180sec* 8.47 ± 3.97 5.58 ± 2.5 7.65 ± 3.59 6.46 ± 3.58 

180-200sec* 9.48 ± 5.56 6.32 ± 3.51 8.81 ± 4.81 7.05 ± 4.89 

200-220sec* 8.69 ± 4.32 5.69 ± 2.51 8.21 ± 4.37 6.24 ± 2.97 

220-240sec* 7.5 ± 4.18 5.31 ± 2.57 7.43 ± 4.22 5.44 ± 2.65 

240-260sec* 7.9 ± 3.94 5.53 ± 2.17 7.51 ± 3.93 5.97 ± 2.59 

260-280sec* 8.05 ± 4.9 5.56 ± 2.2 7.65 ± 4.68 6.01 ± 3.03 

280-300sec* 7.92 ± 3.86 5.45 ± 2.45 7.38 ± 3.86 6.04 ± 2.91 

300-320sec*^ 9.87 ± 5.01 5.97 ± 2.72 9.4 ± 4.92 6.53 ± 3.5 

320-340sec*^ 8.79 ± 4.34 5.38 ± 2.46 8.42 ± 4.44 5.83 ± 2.83 

340-360sec* 8.17 ± 4.5 5.58 ± 2.9 7.8 ± 4.53 6.01 ± 3.2 

360-380sec*^ 8.2 ± 4.6 4.63 ± 2.36 7.66 ± 4.74 5.25 ± 2.86 

380-400sec* 8.53 ± 5.01 5.2 ± 2.42 7.84 ± 4.63 5.97 ± 3.71 

400-420sec* 8.61 ± 4.63 5.49 ± 2.44 8 ± 4.46 6.17 ± 3.33 

420-440sec*^ 9.3 ± 4.3 6.52 ± 4.42 9.64 ± 4.62 6.26 ± 3.86 

Gum out   

440-460sec* 6.19 ± 3.16 3.94 ± 2.85 5.68 ± 3.28 4.49 ± 3.05 

460-480sec 2.72 ± 1.02 2.05 ± 1.59 2.36 ± 1.07 2.42 ± 1.61 

480-500sec 2.08 ± 1.14 1.63 ± 0.72 1.9 ± 1.18 1.82 ± 0.73 
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Table S7.4: Welch’s t-test p values. For each time interval Chinese and European and the total of 
males and females are compared for the aroma release of peak m/z  139.148. * shows time bins that 
reported a p.value<.01 for the origin effect while ^ indicates the one that showed a significant 
difference for the gender variable. 

Time intervals Mean Chinese [ppb] Mean European 

[ppb] 

Mean Female 

[ppb] 

Mean Male 

[ppb]  

0-20 sec 0.22 ± 0.1 0.27 ± 0.19 0.22 ± 0.12 0.27 ± 0.17 

20-40sec 0.61 ± 0.34 0.62 ± 0.31 0.63 ± 0.35 0.61 ± 0.3 

40-60sec 0.81 ± 0.37 0.77 ± 0.34 0.84 ± 0.37 0.74 ± 0.34 

60-80sec 0.91 ± 0.44 0.8 ± 0.36 0.9 ± 0.47 0.82 ± 0.34 

80-100sec 0.96 ± 0.45 0.81 ± 0.35 0.96 ± 0.46 0.81 ± 0.34 

100-120sec 0.97 ± 0.45 0.76 ± 0.33 0.92 ± 0.42 0.81 ± 0.38 

120-140sec* 1.11 ± 0.43 0.83 ± 0.38 1.05 ± 0.42 0.89 ± 0.42 

140-160sec* 1.07 ± 0.47 0.77 ± 0.33 1 ± 0.45 0.85 ± 0.41 

160-180sec* 1.06 ± 0.43 0.8 ± 0.36 0.98 ± 0.39 0.88 ± 0.44 

180-200sec* 1.11 ± 0.52 0.84 ± 0.34 1.07 ± 0.5 0.89 ± 0.41 

200-220sec* 1.11 ± 0.49 0.84 ± 0.34 1.06 ± 0.5 0.9 ± 0.36 

220-240sec 1.02 ± 0.48 0.78 ± 0.37 0.99 ± 0.48 0.83 ± 0.39 

240-260sec 1.04 ± 0.5 0.79 ± 0.29 1.01 ± 0.5 0.82 ± 0.33 

260-280sec 1.05 ± 0.52 0.8 ± 0.31 1 ± 0.51 0.86 ± 0.35 

280-300sec* 1.05 ± 0.47 0.8 ± 0.33 1 ± 0.48 0.85 ± 0.36 

300-320sec* 1.19 ± 0.51 0.84 ± 0.34 1.14 ± 0.52 0.89 ± 0.37 

320-340sec* 1.21 ± 0.54 0.84 ± 0.38 1.17 ± 0.57 0.89 ± 0.38 

340-360sec* 1.15 ± 0.55 0.8 ± 0.38 1.08 ± 0.57 0.88 ± 0.41 

360-380sec* 1.09 ± 0.56 0.76 ± 0.4 1.06 ± 0.6 0.79 ± 0.37 

380-400sec* 1.17 ± 0.61 0.78 ± 0.36 1.12 ± 0.62 0.84 ± 0.4 

400-420sec* 1.12 ± 0.52 0.81 ± 0.35 1.09 ± 0.54 0.85 ± 0.36 

420-440sec*^ 1.22 ± 0.46 0.86 ± 0.4 1.22 ± 0.47 0.87 ± 0.39 

Gum out   

440-460sec*^ 1.1 ± 0.49 0.75 ± 0.34 1.07 ± 0.5 0.79 ± 0.36 

460-480sec 0.61 ± 0.25 0.48 ± 0.32 0.57 ± 0.31 0.52 ± 0.27 

480-500sec 0.46 ± 0.23 0.36 ± 0.2 0.42 ± 0.23 0.41 ± 0.22 
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Table S7.5: Welch’s t-test p values. For each time interval Chinese and European and the total of 
males and females are compared for the aroma release of peak m/z  151.113. * shows time bins that 
reported a p.value<.01 for the origin effect while ^ indicates the one that showed a significant 
difference for the gender variable. 

Time intervals Mean Chinese [ppb] Mean European 

[ppb] 

Mean Female 

[ppb] 

Mean Male 

[ppb]  

0-20 sec 2.84 ± 2.15 3.09 ± 3.05 3.32 ± 3.24 2.61 ± 1.8 

20-40sec 6.16 ± 4.18 4.69 ± 3.03 6.03 ± 3.79 4.85 ± 3.59 

40-60sec^ 6.27 ± 3.98 4.26 ± 3.57 6.45 ± 4.25 4.14 ± 3.16 

60-80sec 6.44 ± 3.93 4.36 ± 3.39 5.89 ± 4.01 4.95 ± 3.57 

80-100sec*^ 5.76 ± 3.27 3.42 ± 1.85 5.47 ± 3.01 3.76 ± 2.55 

100-120sec* 5.71 ± 4.03 3.43 ± 2.47 5.14 ± 3.35 4.04 ± 3.65 

120-140sec* 6.3 ± 3.26 4.24 ± 3.3 5.91 ± 3.31 4.67 ± 3.46 

140-160sec* 6.2 ± 4.45 3.11 ± 1.92 5.29 ± 3.03 4.08 ± 4.31 

160-180sec* 5.58 ± 3.49 2.96 ± 1.73 4.84 ± 3.04 3.75 ± 2.99 

180-200sec* 6.56 ± 4.89 3.8 ± 3.58 5.82 ± 3.86 4.59 ± 4.99 

200-220sec* 5.41 ± 3.31 2.99 ± 1.89 4.94 ± 3.24 3.5 ± 2.48 

220-240sec*^ 4.56 ± 3.15 2.66 ± 1.61 4.45 ± 3.01 2.81 ± 2.01 

240-260sec* 5.2 ± 3.4 2.77 ± 1.38 4.79 ± 3.36 3.23 ± 2.04 

260-280sec* 4.97 ± 3.69 2.91 ± 1.7 4.64 ± 3.36 3.28 ± 2.58 

280-300sec* 4.66 ± 2.76 2.67 ± 1.49 4.1 ± 2.52 3.26 ± 2.29 

300-320sec* 6.49 ± 4.33 3.18 ± 2.41 6 ± 3.92 3.75 ± 3.53 

320-340sec*^ 5.28 ± 3.24 2.65 ± 1.54 4.95 ± 3.08 3.04 ± 2.27 

340-360sec* 4.95 ± 3.35 2.83 ± 2.04 4.54 ± 3.14 3.28 ± 2.67 

360-380sec*^ 5.22 ± 3.57 2.19 ± 1.37 4.75 ± 3.58 2.72 ± 2.15 

380-400sec* 5.3 ± 3.97 2.67 ± 1.7 4.82 ± 3.64 3.21 ± 2.8 

400-420sec* 5.19 ± 3.42 2.73 ± 1.68 4.67 ± 3.11 3.3 ± 2.66 

420-440sec*^ 5.89 ± 3.56 3.72 ± 3.88 6.39 ± 4.05 3.28 ± 2.98 

Gum out   

440-460sec* 3.39 ± 2.6 1.7 ± 2.19 3.06 ± 2.72 2.07 ± 2.28 

460-480sec 0.96 ± 0.71 0.66 ± 0.88 0.82 ± 0.72 0.8 ± 0.89 

480-500sec 0.77 ± 1.04 0.42 ± 0.22 0.72 ± 1.06 0.48 ± 0.25 
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Table S7.6: Welch’s t-test p values. For each time interval Chinese and European and the total of 
males and females are compared for the aroma release of peak m/z  155.113. * shows time bins that 
reported a p.value<.01 for the origin effect while ^ indicates the one that showed a significant 
difference for the gender variable. 

Time intervals Mean Chinese 

[ppb] 

Mean European 

[ppb] 

Mean Female 

[ppb] 

Mean Male 

[ppb]  

0-20 sec 7.59 ± 6.22 9.95 ± 7.97 9.51 ± 10.54 8.02 ± 7.11 

20-40sec 23.79 ± 19.78 21.63 ± 13.68 24.28 ± 18.7 21.22 ± 15.18 

40-60sec^ 28.01 ± 17.58 23.29 ± 15.17 30.66 ± 18.66 20.84 ± 12.51 

60-80sec 31.45 ± 20.66 25.92 ± 17.46 30.94 ± 21.69 26.55 ± 16.46 

80-100sec 31.01 ± 18.94 22.49 ± 13.6 31.7 ± 18.96 22.04 ± 13.36 

100-120sec 30.36 ± 20.03 21.2 ± 13.38 29.12 ± 18.04 22.64 ± 16.73 

120-140sec 37.12 ± 18.63 26.26 ± 20.16 35.49 ± 20.39 28.12 ± 19.24 

140-160sec* 33.83 ± 22.96 21.85 ± 13.79 31.42 ± 19.09 24.51 ± 20.15 

160-180sec* 31.48 ± 17.04 20.86 ± 13.66 29.2 ± 15.79 23.35 ± 16.4 

180-200sec* 36.83 ± 25.42 24.36 ± 16.07 35.43 ± 22.82 26.05 ± 20.61 

200-220sec* 33.33 ± 21.04 22.42 ± 13.64 32.43 ± 21.06 23.58 ± 14.57 

220-240sec 27.82 ± 18.54 19.7 ± 13.83 28.23 ± 19.37 19.51 ± 12.62 

240-260sec* 29.83 ± 19.26 20.38 ± 11.28 29.26 ± 19.82 21.18 ± 11.16 

260-280sec 30.26 ± 23.46 20.84 ± 11.98 29.25 ± 21.98 22.06 ± 15.45 

280-300sec* 29.14 ± 17.13 19.73 ± 11.5 28.22 ± 18.04 20.87 ± 11.07 

300-320sec*^ 38.11 ± 23.33 22.99 ± 15.23 37.64 ± 23.85 23.84 ± 15.35 

320-340sec* 32.76 ± 19.81 21.88 ± 16.85 32.85 ± 21.51 22.07 ± 14.82 

340-360sec 31.19 ± 20.41 21.31 ± 16.55 31.11 ± 22.3 21.63 ± 14.24 

360-380sec*^ 30.55 ± 22.48 16.85 ± 13.8 30.14 ± 23.86 17.6 ± 12.34 

380-400sec* 33.45 ± 23.8 19.36 ± 14.05 31.96 ± 23.7 21.17 ± 15.91 

400-420sec* 33.06 ± 21.5 20.53 ± 12.48 31.81 ± 21.35 22.07 ± 14.19 

420-440sec^ 38.12 ± 23.43 26.29 ± 22.03 41.77 ± 25.39 23.05 ± 16.95 

Gum out   

440-460sec* 23.31 ± 16.45 14.01 ± 13.36 22.32 ± 17.11 15.21 ± 13.33 

460-480sec 8.12 ± 4.73 5.49 ± 7.45 7.01 ± 4.88 6.64 ± 7.53 

480-500sec 5.62 ± 5.24 3.81 ± 2.85 5.11 ± 5.23 4.34 ± 3.17 
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Show me its volatile profile and I will tell you its quality 

The quality of raw materials is one of the most important factors which influences the total quality 

of produced food: high quality products can be produced only from high quality raw materials. Quality 

control of different raw materials has been evaluated through applications of PTR-MS technology in this 

thesis in relation to perceived food quality and flavour in particular (Figure 8.1). In the first chapters (Chapter 

2-5), a rapid PTR-ToF-MS analysis was used to evaluate different quality aspects of anhydrous milk fat 

(AMF), lactose free (LF) milk and raw hazelnuts samples through their VOCs fingerprints. Changes in VOCs 

release during shelf life were investigated, together with the possibility to identify quality biomarkers for 

both food matrixes and to predict the sensory class established by industrial sensory evaluation. In the last 

chapters (Chapter 6-7), other aspects of food quality were investigated. In Chapter 6, PTR-QiToF-Ms was 

coupled to a dynamic sensory method to assess flavour perception and release of composite foods by 

systematically varying solid carrier food (bread vs potatoes), their texture (hard vs soft) and condiment fat 

content and viscosity. The same methodology was used in Chapter 7 to investigate consumers’ 

characteristics like gender, ethnicity and physiological parameters on flavour release and perception of mint 

chewing gum. The main results and interpretations of this thesis are summarized and discussed in section 

8.1 and in Figure 8.1. Then, methodological considerations (section 8.2), suggestions for future research 

(section 8.3) and main conclusions (section 8.4) are provided.  
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8.1 Discussion and interpretations of main results 

8.1.1 | VOCs fingerprint approach for shelf life monitoring 

Shelf life is defined as the time during which the food product will (i) remain safe; (ii) be certain to 

retain desired sensory, chemical, physical, and microbiological characteristics; (iii) comply with any label 

declaration of nutritional data; and (iv) be acceptable to the consumer (1). Shelf life of a food product is an 

essential variable in the food quality function and is therefore of upmost importance to monitor and model 

it; not only it is important for keeping product acceptable for consumer, but as well it is a key sustainability 

challenge to reduce both food waste (at the consumer level) and losses (at the other levels of the food supply 

chain).   

The results of this thesis confirm that VOCs are a useful tool for monitoring food products shelf life (Chapters 

2, 4 and 5). Considering the food matrixes analysed in this thesis (AMF, UTH LFM, hazelnuts) lipid oxidation 

is one of the main metabolic processes that can decrease shelf life and impair sensory quality by producing 

oxidative rancidity (2). Different factors can affect lipid oxidation rate such as lipids composition, 

temperature which is known to increase exponentially oxidation rate, and exposure to light and oxygen that 

can induce photo-oxidation and propagate oxidation reactions respectively. While different instrumental 

analysis are available for monitoring lipid oxidation and oxidation stability like Rancimat, peroxide and acid 

values, VOCs fingerprinting provides in rapid times information not only about secondary oxidation 

metabolites, but as well about compounds responsible for product aroma and so perceived quality (3). GC-

MS has been extensively applied in previous shelf life studies on both dairies (4–7) and raw hazelnuts (8,9). 

The results of this thesis (Chapter 2-5) indicate that PTR-ToF-MS fingerprinting is as well a valid sensitive 

strategy to collect information about VOCs evolution during shelf life at different conditions and to monitor 

degradation processes which can compromise food quality. Despite its specificity limitation in providing 

unambiguous identification when compared to GC-MS, PTR-ToF-MS has the advantages of providing a 

quantification of a much larger spectrum of VOCs with minimal sample preparation and in a much faster 

way. These advantages were used to evaluate the performance of packaging in preserving quality of AMF 

during storage for 240 days at 4ºC (Chapter 2). AMF is known for its stability and long shelf life when 

compared to butter (10). Usually, manufactures indicate a shelf life up to 24 months at 4ºC, 24 months at -

18ºC and 10 days at 45ºC, the temperature at which AMF is melted for usage in confectionary products. Our 

approach showed that differences in VOCs emissions between the fresh standard and the stored sample 

were visible already after 4 months of storage at 4ºC and, during storage, these differences increased.  

The same approach was applied in Chapter 4 to explore changes in VOCs fingerprints of UHT lactose-free 

milk during storage at 20°C over a 150 days period. As for AMF (Chapter 2), most mass peaks increased 

during shelf life, especially the ones related to methyl-ketones like 2-pentanone (m/z = 87.081) and 2-

heptanone (m/z = 115.112) due to decarboxylation of β‐keto fatty acids or the β‐oxidation of free saturated 
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fatty acids (11). In both milk and AMF, methanethiol, known for contributing to the “cooked flavour” of dairy 

matrixes (12) decreased during storage as consequence of its oxidation to form dimethyl disulfide and 

dimethyl trisulfide (13).  

In both the experiments (Chapter 2 and 4), the rapidity of the analysis allowed to include more variables in 

the experimental design as for example batch-to-batch variability. For both AMF and UTH LFM milk 

differences in the batches were highlighted in the early stage of shelf life. The introduction of this factor, 

which can greatly enlarge the number of samples to analyse, allows for a better representation of the huge 

variability that agroindustry needs to cope with along the supply chain.  

The analysis rapidity allowed as well to follow VOCs evolution during a test in accelerated conditions where 

AMF samples were kept at 50ºC up to 11 days in glass vials (Chapter 2). Considering that AMF is 99.8% dairy 

fat and despite its low water content, changes in VOCs are mainly due to lipid oxidation (even if lipolysis may 

also occur). The accelerated test at 50 ºC, not only confirmed the presence of some VOCs previously 

observed in the headspace of heated butter (14), but it also allowed to explore concentration increase of 

some oxidation markers such as nonanal and hexanal. These two compounds, produced by oxidation of oleic 

and linoleic acid, are known to cause flavour defects in dairy products when increasing in concentrations 

during storage (4,15). Hexanal formation in dairy products was also observed in other two recent PTR-MS 

studies. While Asaduzzaman and co-workers observed hexanal evolution in milk samples spiked with copper 

ions during storage at 4ºC (15), Beauchamp and colleagues followed in real-time the formation of hexanal 

and others VOCs induced by milk photo-oxidation (16). The possibility to follow VOCs time evolution in real 

time opens new interesting scenarios in food science. Not only it will allow to characterize formation of 

aroma compounds responsible for off-flavours during food degradation processes like oxidation and mould 

formation, but as well it may be used to investigate formation of key aroma compounds during food 

processing.   

Finally, in Chapter 5, the same approach detected some mass peaks that gave information about harvest 

year and about the effect of controlled atmosphere ( see Table 5.3 and Figure 5.4). Even if shelf life was not 

the focus of the experiment the identified pool of mass peaks  is a suitable candidate for assessing sample 

age/freshness that should be further investigated. 

In summary, PTR-ToF-MS fingerprinting was shown to be a valid technique for collecting information about 

VOCs evolution during shelf life at different conditions (e.g. packaging, temperature, batch variability, 

controlled atmosphere) since it was possible to monitor degradation processes which can compromise food 

quality such as lipid oxidation.  

8.1.2 | VOCs fingerprint approach to predict raw materials quality and support sensory 

evaluation 

Geographical origin, botanical variety, livestock diet, post-harvest managing, storage, 

transportation conditions and manufacturing, are only some of the factors that influence the variability of 
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raw materials received by agroindustry. These factors can significantly affect sensory evaluation and VOCs 

profile of raw materials and can be transferred along the food chain until the final product. The approach 

presented in Chapter 3 and 5 deals with these variability elements by analysing industrial sampling of AMF 

and raw hazelnuts. Our results demonstrate that VOCs fingerprints obtained with PTR/SRI-ToF-MS, coupled 

with a multipurpose autosampler to enhance analysis standardization and computing power, can be used 

for supporting sensory quality control in agroindustry. Both unsupervised and supervised data mining 

approaches were tested to discriminate or build predictive models of sensory classes - obtained from 

sensory industrial evaluation - from VOCs data. While in supervised data-mining techniques (also known as 

predictive), the known information (“the labels”) about the measured samples or from a training set is used 

to predict or classify other samples, unsupervised techniques (also known as descriptive) do not predict a 

target value or attribute but rather reveal hidden structure and relation among data.  

For what concerns AMF (Chapter 3), both unsupervised and supervised data analysis were used to predict 

the three categories (“AGED”, “OK” and “NO”) in which samples were divided. The class belonging to the 

samples that were thermally treated at 50ºC for one week was separated from the two other classes due to 

higher concentration of most of the VOCs. As observed, in Chapter 2, temperature has a relevant effect in 

increasing oxidation rates and VOCs concentrations. “NO” samples also showed an increase in VOCs 

associated to oxidative rancidity when compared to “YES” samples, but also presented higher 

concentrations of other compounds like methanol - probably depending on diet differences (17) – and  

aromatic hydrocarbons. The latter, could also indicate diet differences (18) but as well could be related to a 

contamination given by migration of these compounds from the packaging into AMF (Chapter 2). The good 

quality samples showed a fingerprint with lower concentrations for most of the aroma compounds. The 

same trend was observed also for raw hazelnuts (Chapter 5) where the good quality samples showed lower 

concentrations for most of the detected mass peaks in VOCs fingerprints. This is in agreement with sensory 

analysis results of the industrial partner where the “gold” standard for a raw material should have a flavour 

as neutral as possible, without any off-notes. Therefore, in our case, industrial raw materials are penalized 

when they present strong flavours since these could be maintained along the whole supply chain till the 

product is delivered to consumers.  

Despite its limitation as one-dimensional analytical method in providing unambiguous compound 

identification, both supervised and unsupervised data mining methods on PTR-ToF-MS data showed 

promising results in discriminating samples classes. While, PLS-DA predictive models on AMF (Chapter 3) 

showed a correct classification rates of 97% (data from NO+ for the “YES” vs “NO” comparison), 

unsupervised clustering on raw hazelnuts (Chapter 5) had a correct classification rate of 95% in separating 

conform and non-conform samples (data from H3O+). Even if food fingerprints obtained from PTR-ToF-MS 

approach cannot explain on their own the complex processes behind sensory perception, our data, shows 

that they can predict with good accuracy the industrial quality classification. The reasons behind this good 
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match may lay in the intrinsic characteristics of the approach which, with its high sensitivity, is able to 

quantify a wide range of compounds from complex aroma mixtures. While GC-MS approach  is able to 

monitor only a limited number of compounds per round based on long extraction procedures and by column 

selectivity, PTR-MS, by monitoring minimal changes (ppbV) in VOCs concentration allows to discriminate 

food samples not only based on key aroma compounds concentrations, but by considering the whole 

volatilome. Therefore, this thesis suggest that the technique may be applied extensively also for static 

headspace measurements of volatile mixtures: while GC-MS may be performed to identify specific 

compounds associated with a given PTR-MS peak (19), PTR-ToF-MS fast fingerprinting could be used to 

screen quality of a large number of samples of both raw materials and manufactured products. This pre-

screening would be beneficial for industrial sensory evaluation: only suspicious defected samples selected 

by the analysis will be further tested by sensory methods to understand more precisely their quality and 

decide their destination purpose (see Figure 8.4 and paragraph 8.3 for more details). 

Another QC application that was tested in Chapter 5 was the ability of non-invasive PTR-MS fingerprinting 

to discriminate between raw hazelnuts lots with different levels of gustatory and visual defects. The 

technique sensitivity was enough to detect significant VOCs variations between samples with 10 and 20% 

of defected hazelnuts. This approach may be of extreme interest for QC applications: large lots of raw 

materials may be screened in few seconds without the need of analysing sample portions from each lot. 

However, the approach should be further validated on larger volumes and with a more accurate mixture 

range better representing the critical industrial thresholds for QC (e.g. 1%, 2%, 5% of defected hazelnuts). 

In all these chapters were headspace (HS) analysis was performed, key odorants for each food matrix were 

detected. It is curious to notice that some of these compounds, which are known for being an essential part 

of the product aroma, were found with higher concentrations in samples stored for longer times or with a 

lower quality. For example, in dairies m/z 87.081, tentatively identified as a mixture of ketones and aldehydes 

(2-pentanone;2/3-methylbutanal; pentanal), was found to increase during shelf life (Chapter 2 and 4) and to 

have a significantly higher concentration in “NO” samples than the one in “YES” samples (Chapter 3). The 

same was true for the mass peak associated to 3-methyl-5-heptanone which is known to contribute to the 

fruity and nutty aroma of raw hazelnuts (20) (Chapter 5). This means that VOCs concentration are critical in 

determining perceived aroma and so product quality. Determining the relation between odorant 

concentrations and the overall aroma is an incredibly complicated task and no methodology have been 

developed yet to quantify the cut-off concentration that a key aroma constituent should have to be 

recognized as a good quality marker or as an off-flavour. Schieberle and co-workers developed a complex 

molecular sensory science approach were a combination of techniques including GC-O, aroma extraction 

dilution analysis (AEDA), stable dilution assays (SIDA) and calculation of OAV are used to identify and 

quantify concentrations of key odorants (21). These are then used to prepare artificial aroma solutions that 

mimic the overall aroma of the matrix under investigation and are evaluated through sensory analysis. Their 
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approach was applied to many food products like hazelnuts (20,22), fermented sausage (23) and honey (24). 

This has been a breakthrough innovation in the field of molecular sensory science, but is dependent on 

human evaluation which is inherently a double edge sword since an individual assessor sensitivity may 

induce significant variability in to perceiving particular aroma substances (25). Moreover, in most cases 

artificial aroma solutions are made in water or in oils and not in a real food matrix. During food consumption, 

not only a small percentage of food VOCs reach the olfactory epithelium, but as well the concentrations that 

are released depend on a variety of intrinsic and extrinsic factors like oral processing behaviours. These 

variables, together with sensory multimodal interactions, may be underestimated or not taken in 

consideration when a liquid solution is used. For this reason, measuring in vivo aroma release in the nose 

during real food consumption, coupled with dynamic sensory evaluation, is a promising approach to explore 

the link between VOCs concentrations in food and sensory aroma perception. 

8.1.3 | In vivo nose-space analysis: product and consumer, two sides of a coin 

Chapter 6 and 7 focused on coupling PTR-QiToF-MS and Time Intensity to better investigate the 

complex relation between aroma release and perception and the impact of product and consumer 

characteristic on this relation. Understanding how product’s characteristics affect VOCs release it is of great 

interest for agroindustry because it will allow to produce food items that better match consumer 

expectations. For example, one common dietary trends in the Western world is the reduction of saturated 

fats, free sugars and salt from diets (26). While this reduction will have a positive impact in the fight against 

the obesity epidemic and the spread of non-communicable diseases it poses extraordinary challenges at 

production level. Food industries are challenged in delivering the same or even better quality products by 

reducing or reformulating their ingredients, which is known to have an impact on product flavour. In this 

perspective, measuring both aroma perception and release will provide a more complete information on the 

impact of product reformulation, allowing to build predictive models on specific VOCs release as function of 

different food properties (e.g. viscosity, fat and sugar contents).  

In this perspective, Chapter 6 focused on product characteristics. The chapter, investigates how composite 

foods and their properties affect lemon perception and in vivo aroma release of citral and limonene of a 

standardize trained panel. The study was part of a broader PhD project which focused on the effects of food 

properties on food oral processing behavior, food intake and sensory perception of composite foods. 

Characterizing composite foods is gaining interest not only for the increased sensory complexity as the 

characteristics of one food product influences the flavour release and sensory perceptions of the other food, 

but also because it is more representative of the natural consumption context (27,28).  

In our case, the nose-space PTR-QiToF-MS approach allowed to add the composite foods in vivo aroma 

release characterization. Particularly, when the condiment (mayonnaise) was consumed with the carriers 

(potato/bread), the cognitive effects play a key role in sensory perception of composite foods. The presence 

of an accompanying food increased the delivery of aroma compounds into the nasal cavity but did result in 
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lower perceived sensory intensities. Thus, single foods’ flavour perception becomes less intense in the 

presence of accompanying foods. These findings confirmed that the relation between VOCs release and 

flavour perception is not linear but different factors play a role in making it complex. In the same study, the 

condiment (mayonnaise) properties were characterized. Increasing viscosity in mayonnaise led to a 

decrease in both in-nose aroma release and perception due to reduction in diffusion rate of the aroma 

compound and to their interaction with xanthan gum (29–31). Interaction of the hydrophobic aroma 

compound with xanthan gum also led to decreased aroma release and perception for mayonnaise with lower 

fat content. This, together with the higher number of fat droplets contained by the FF-HV mayonnaise which 

increased the interfacial area between oil and the saliva continuous aqueous phase, led to higher aroma 

release and perception (32).  

In this experiment, panellists were chosen as homogenous as possible to reduce as much as possible inter-

individual variability. Dutch young females were chosen and a precise consumption protocol was provided 

with a given chewing rhythm (1 chew per sec) and a fixed consumption time. On the contrary, in Chapter 7, 

to characterize consumers differences and their impact on flavour perception and release, a free mastication 

protocol was adopted and an ideal food model like chewing gum was chosen. Since the introduction of nose-

space measurements an elevated inter-individual variation was noticed, which can be larger than product 

differences (33,34). The causes of this variation are manifold and have been mostly related to chemical, 

physiological, psychological and behavioural parameters (35–37). Physiological differences in salivary flow 

and pH, saliva composition in terms of proteins and microbiota, oral and nasal mucosa, are all factors that 

were shown to affect aroma release and flavour perception. Behavioural characters like eating rate, 

mastication, swallowing and breathing also play a role. Most of these factors are changing as a function of 

the individual. Our findings in Chapter 7 suggests that consumers’ origin may affect one or more of these 

parameters. When compared to Europeans, Chinese panellists showed a higher in nose flavour release for 

aroma compounds of the chewing gum, together with a higher sweetness and flavour perception. While to 

a higher perception of mint flavour corresponded a higher aroma release in the nose, the aroma release 

difference was not explained by physiological parameters considered. Only a mild difference in salivary flow 

was observed which is known to have a weak negative correlation with flavour release (38). The mechanism 

underlying the different aroma persistence in the oral and nasal cavity of Chinese and European panellists is 

not yet clear but we hypothesize that differences in eating behaviour (39,40), oral microbiota (41,42), saliva 

(43), oral and nasal mucosa composition in terms of receptors and enzymes, driven by different gene 

expression and diet (44,45), may be partly responsible for these differences.  

These findings show that collecting information on how consumers characteristic affect flavour perception 

and aroma release can play an important role when designing a new product for a specific consumer’s 

segment and for the new emerging field of personalized product design. While aging is known to reduce 

food intake and different studies showed the link to different factors like a decline in sensory functions (46–
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49) and in eating capability – mainly due to changes in salivary flow and composition and in mastication 

efficiency –  (50–52), the reasons behind differences in cross-cultural flavour release and perception are not 

fully understood. The results of our study - that should be validated by a larger population study and with 

more attention on cross-cultural studies biases (53) - suggest a difference in both aroma release and 

perception between Caucasians and Asian panellists, independently from the gender. This information on 

differences in flavour perception in function of the geographical origin, together with a full understanding 

of the factors behind it, may be of interest for food industries interest to tailor their products for specific 

market areas. Particularly, playing on aroma concentrations may be an advantageous strategy to both 

reduce costs and conquer new markets without requiring more complex product reformulations.  

On the other hand, the experimental results of the thesis suggest that, when preparing a nose-space in vivo 

experiment to characterize the flavour release and perception of a food product, special attention should be 

put in defining the consumption protocol. Moreover, additional participant selection criteria should be 

introduced to reduce inter-individual variability.  

8.2 Methodological considerations 

8.2.1 | Headspace measurements 

When considering PTR-MS HS application for quality control purposes, sampling issues may arise 

due to the high number of samples normally screened by agroindustry. Despite measurement rapidity, 

manual sampling can be one of the process bottleneck. In this case, the introduction of an automated 

sampling system for PTR-MS measurements (54) greatly improves the processing power and the 

measurements stability allowing to perform experiments on large sample sets with an elevated number of 

replicates (typically 3-5). In this thesis, for all the headspace experiments (Chapter 2-5) a multipurpose 

sampler for GC (Gerstel, Germany) with temperature controlled trails, a purge tool and a headspace adapter 

using a conventional syringe-based system to enable gas phase exchanges, were used in combination with 

PTR-ToF-MS. This introduction allowed for a better measurement standardization with a full automation of 

sampling processing (54). Samples flushing with nitrogen, storage, incubation for VOCs equilibration and 

measurement were managed by autosampler, reducing potential sources of variation. In this way, 

systematic errors introduced by humans can occur only during sample preparation phases (e.g. melting, 

weighting, grinding). Flushing the headspace of each sample with nitrogen should eliminate possible 

differences introduced during sample preparation and as well prevent oxidation led by oxygen. More 

importantly, the autosampler allowed to process an extraordinary number of samples in a relatively short 

time, considering that measurements were performed continually (day and night) on four trails which 

allowed to load around 128 samples per round. In all four studies more than 3000 samples were analysed. 

When looking at the raw materials examined in this thesis, the number of variables that could have 
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influenced samples quality is enormous: manufacturer, seasonality, harvest year, post-harvest 

management, storage, transportation, cultivar, cow’s diet, geographical origin are just some of the factors 

that may have influenced VOCs fingerprints. Allowing a fast screen of as many samples as possible is the 

way to have a more complete picture of the extraordinary variability in raw materials quality that food 

industries need to face. Therefore, for applications in industrial quality control, where an elevated number 

of samples need to be processed, it is highly recommended to couple PTR-ToF-MS technology with an 

autosampler. 

In Chapter 5 was also introduced the use of an ion funnel for the visual and sensory defects experiments and 

for some measurements in the blind classification experiment (data not shown). When comparing the 

measurements performed with the direct current (DC, normal mode) and the radio frequency (RF) of the ion 

funnel it was noticeable an increase in the detection sensitivity. The RF technology may then be useful when 

analysing food matrix that have very limited VOCs emissions and for which an increase in detection 

sensitivity may be crucial (55). Even if for raw hazelnuts this increase in sensitivity may not be essential, in 

other experiments performed with other food matrixes like skimmed milk powder (data not shown) which 

has limited VOCs emissions, it significantly improved the analytical information collected.  

In Chapter 3 and 5 the selective reagent ionization (SRI) system was extensively applied. While O2+ 

ionization mode did not led to any noticeable improvement in terms of VOCs identification and predictive 

models performance - probably due to increased difficulties in spectra interpretation (56) - NO+ ionization 

mode data were very useful for both targeted and untargeted approach. As seen in other studies, the 

possibility to separate isobar compounds (56,57), was used to better investigate ketones and aldehydes 

contributions to VOCs fingerprints of AMF and raw hazelnuts. Moreover, in Chapter 3 this ionization mode 

led to the best PLS-DA model in terms of correct classification rates. It is therefore recommended to 

consider implementation of this ionization mode for quality control purposes.  

From the results obtained in this thesis, PTR-ToF-MS fingerprinting approaches are expected to become a 

very potent tool in quality control of raw materials and for evaluating changes during shelf life. However, as 

observed for authenticity issues (58), while a lot of effort has been directed in analytical method 

development, data evaluation in terms of validation and standardization is still under development (59). For 

PTR-ToF-MS HS measurements different steps are crucial like data extraction, mass selection and statistic 

evaluations where different approaches can lead to different results. While for data extraction a validated 

approach was adopted (60) which can partially contribute to noise reduction, for mass selection a novel 

approach was adopted, described in details in the experimental chapters (Chapter 2-5). Mass peaks selection 

was noticed to have a relevant impact on the performance of both unsupervised and supervised multivariate 

data analysis methods. For all the food matrixes, when performing unsupervised PCA and clustering, 

features selection improved samples separation. The picture was more complicated for what concern 

supervised PLS-DA (Table 3.3 and Table S3.3). Selecting mass peaks did not always led to better 
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classification performances as testified by predictive models built with H3O+ and NO+ ionization modes. In 

these cases the adopted procedure for reducing mass peaks led to loss of relevant information for sample 

classes discrimination. On the other hand, the low and mid-level data fusion approaches applied in Chapter 

3 did not led to a better classification rate, probably due to the opposite problem: too much noise was 

introduced in the model. Moreover, the model including all mass peaks from all the ionization modes, due 

to the elevated number of variables higher than the sample number, is vulnerable to overfitting (61). 

Therefore, for establishing PTR-MS technology in industrial QC programs an effort should be made to 

further standardize and validate strategies for generating reliable predictive models.  

Finally, it should not be forgotten, that sensory evaluation plays a key role: it is the base on which we build 

prediction models from VOCs and as well the final evaluation by consumers which, ultimately, will 

determine if the product will be successful or not. For this reason, it is essential to ensure accurate and 

repeatable sensory evaluations of products at industrial level. It is useful to remember that, independently 

from the method used, in many cases, the results lack of validity may be attributable to the defective 

realization of the test and/or to an incorrect analysis of the information obtained. Predictive models built on 

ambiguous or not repeatable sensory evaluations are more or less like collecting frogs in a bucket. 

Regarding the sensory methods used in this thesis, mainly difference from control and in/out methods were 

applied by the industrial partner. In both methods a comparison with a golden standard - a premium quality 

food product for that category – is performed. It is important to guarantee stability for the golden standard 

over time. For our approach of quality evaluation based on flavour and VOCs would be fundamental to better 

characterize the “flavour blueprint” defined as the combinatorial code of the entire set of odour- (and taste) 

active food components in their natural concentrations in the food (21).  

8.2.2 | The need of standardization for in vivo nose-space measurements 

8.2.2.1 Instrumentation:  

For the in vivo nose-space measurements a PTR-QiToF-MS was used in combination with a heated 

device. From the instrumental point of view, the addition of a quadrupole interface (Qi), like the RF mode, 

allows an average increase in technique sensitivity by a factor of 25 when compared to PTR-ToF-MS (62). As 

seen in the introduction (section 1.4), for in vivo monitoring of flavour release, sensitivity is a key issue due 

to the wide range of odour threshold values and the VOCs dilutions occurring during consumption (63). 

Therefore, increased sensitivity is necessary for in vivo applications, especially when measuring real food 

matrixes not spiked with aroma compounds and with relative low VOCs emissions.  

As well, based on observations and results of Chapter 6 and 7, the usage of a heated device for sampling 

breath is advised. The device has a double advantage. From one side it improves panellists comfortability, 

which is essential when conducting multiple or long measurements combined with sensory tests. On the 

other side, the possibility to keep sampling tubes and inlets heated ensure a better transmission of all VOCs. 

This is of primary importance for sticky compounds as vanillin which condensate in the inlet lines by reducing 
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sensitivity and extending response time and memory effects (64). In this way, is possible to ensure real 

online evaluation also for these compounds. A similar effect can be obtained by shortening inlet lines and 

by directly injecting VOCs into the drift tube without passing through the multiport valve at which usually 

the inlet line is connected. It is good to mention that, like for other analytical techniques, different materials 

for the sampling lines and for the instrument components (e.g. ion source, drift tube) have been used since 

the birth of PTR-MS to reduce memory effects and absorption of “sticky” compounds on the instrument 

surfaces (65). The most common materials for PTR-MS parts, tubing and the heated device were Teflon and 

silcosteel surface treatment due to their mechanical and chemical properties. Nowadays, polyether ether 

ketone (PEEK) has also been introduced as tubing material and ongoing research is testing the potentialities 

of sulfinert coating of stainless steel tubing due to its properties that makes it one of the most inert substrate 

available for VOCs transfer. A new design of the heated device, including sulfinert treatment, may help in 

preventing VOCs accumulation in cold zones and improving VOCs transmission by reducing their 

interactions with materials surface. Moreover, new device designs could be developed to improve 

participant comfort during experimental sessions. It should not be forgotten that when performing sensory 

tests, real-life settings are important to closely reproduce the normal way in which we eat (66–68). In our 

study, a Ionicon nose-space air sampling extension (N.A.S.E.) device was used. However, the ergonomic 

Teflon® nosepiece device recently developed by Le-Quere and co-workers (69–71) may be a valid alternative 

which guarantee higher flexibility and comfort at the price of a lower sampling temperature than the 

N.A.S.E. device (Figure 8.2).  
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 Figure 8.2: Visualization of two different devices for in-nose air collection. On the left is presented the 

ergonomic Teflon® nosepiece device and a participant (bottom left) performing a TDS test while his breath is 

sampled (images courtesy of Dr. LeQuere). On the right the N.A.S.E. device is presented. At the bottom right is 

visible a participant at Edumund Mach Foundation laboratories while performing a TI test on chewing gum while 

her air is sampled and injected into PTR-MS.   

8.2.2.1 Protocols: 

Another main methodological issue in nose-space measurements is protocol standardization. The growing 

international interest and research effort in nose-space measurement has resulted in a range of diverse 

sampling and analytical methods. These, united with the high inter (and intra) variability among human 

subjects, hamper the possibility to compare results and contribute to the lack of replication of research 

findings. Recently, the “Peppermint-initiative” has been launched and a benchmark study across different 

organizations in Europe and UK have been conducted to standardize breath experiment for a variety of 

different techniques (PTR-MS, GC-MS, SIFT-MS, etc.). Each working group performed the peppermint 

breath experiment with its own methods for sampling and analysis. This was based on sampling breath of 

10 participants at regular time intervals after the ingestion of a peppermint oil food supplement capsule 

which produce a well- characterised perturbation in the VOC breath profile (Figure 8.3). 

 

A) Ergonomic Teflon® nosepiece device B)   Ionicon nose-space air sampling extension 

device 

B)  
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Figure 8.3: Washout profile for monoterpenes (m/z 137.134) and menthone (m/z 139.144) for the peppermint 

breath experiment performed by our group. The ratio between the intensity from breath at time Tn (I) and the 

intensity at T0 (I0) is plotted against time. Normalized count per seconds were used. Participants are 

characterized using different colors while the continuous red line represents the theoretical average washout 

profile. 

The study intent was to provide the best available information on the respective analytical 

performance of different techniques and methods. Starting from this point, it will be possible to provide 

useful comparative evaluation of different sampling methodologies and instrumental approaches being 

tested. The final aim is to draft some best practices for each instrument that should be adopted when 

performing breath experiments. Methods standardization will allow to compare results from different 

laboratories and in this way, better investigating inter-individual variability (Figure 8.3).  

Such common effort for benchmarking and for standardization is still lacking for nose-space measurements. 

Therefore, special care should be taken when designing nose-space experiments. Based on the results 

obtained in this thesis, the author elaborated a serious of recommendation. For studies aiming at 

characterizing product properties impact on aroma release and perception, additional selection criteria 

should be included for participants recruitment. Selecting participants from only one nationality, one gender 

and one specific age range may contribute to reduce variability. A normal BMI would also be preferable 

(44,72,73). As well, running few screening measurements for physiological parameters like oral cavity 

volume, salivary flow, saliva pH and breathing rate is advised. Screening for participants eating rate may 

also be beneficial since a standardized consumption protocol with a fixed chewing rate and, when possible, 

fixed swallowing times are advised. Few studies compared the effect of imposed or free oral processing 

protocols on aroma release. While Leclerq and Blancher found that only limited advantages were provided 

by imposing a chewing and swallowing patter for gelled candies (74), Aprea and co-workers observed that 

an imposed oral processing protocol reduced significantly the high variability connected with the individuals 

eating behavior (75). Recruiting participants with a similar eating rate to the one prescribed by the chewing 

protocol would simplify standardization procedures. In addition, it will help to reduce results variability since 
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eating rate and, more in general eating behaviour is known to influence both aroma release and flavour 

perception.  

Finally, before running experimental sessions, besides the common rules usually adopted when running 

sensory tests (e.g. avoid drinking, eating and perfumes usage for 2 h before sessions), ensuring a common 

meal or, even better a common diet would help in uniformizing data. Despite is a topic still under 

investigation, previous researches, together with our results in the peppermint study where we investigated 

the effect of two different type of breakfasts on the washout profiles (data not shown), indicates that diet 

may play a role in influencing concentrations of VOCs in human breath (76–78).   

On the other hand, when the aim is to investigate the effect of consumers characteristics on aroma release 

and perception a free oral processing protocol should be adopted to allow individual differences to emerge. 

As well, the use of an ideal food matrix like chewing gum and jellies or food products spiked with few aroma 

compounds, is advised.  

A conclusive remark on methodologies should be made on sensory dynamic methods. In both Chapter 6 and 

7, aroma release and sensory perception were determined simultaneously using PTR-QiToF-MS combined 

with Time-Intensity (TI) methodology. The advantage of TI is the opportunity to dynamically track the 

intensity perception of a flavour of interest. A well-known disadvantage of Time-Intensity is the potential 

occurrence of sensory dumping (79), as participants can score the intensity of one or two specific sensory 

attribute only and they are not able to report perceived changes in other sensory attributes. Therefore, for 

complex food matrixes like composite foods, it might be worth investigating the combination of nose-space 

measurements with other dynamic sensory methodologies. Temporal Dominance of Sensations (TDS) and 

Temporal Check All That Apply (TCATA) methods allow participants to also report other sensations 

throughout consumption like for example perceived changes in texture perception. TDS methodology, has 

been recently coupled to PTR-MS nose-space measurements, allowing to identify compounds related to 

temporally dominant aroma sensations in a variety of products like candies (80) alcoholic beverages (81,82) 

and coffee (34,83). Moreover, the combination was applied to assess the effects of bread crumb and crust 

structure on volatile release and aroma perception during oral processing (84) and the impact on aroma 

release and perception of size and hardness of fruit pieces in fat-free pear yogurts (85). This method has the 

advantage to allow evaluation of more attributes (86) which is essential for obtaining  a better 

representation of the flavour dimension which is multidimensional and multimodal.  
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8.3 Future research 

This thesis proofs the suitability of PTR-MS technology for different strategic tasks in agroindustry. The 

technique was mainly used with an untargeted approach but it was also possible to extract information 

about specific key aroma compounds. 

The full integration of the technology into the quality measurement system of the supply chain quality 

management, requires further studies to consolidate and validate the findings presented in this thesis. For 

this, it is recommended to run studies on a larger sample-set of each raw material to better represent 

industrial variability. Samples should be characterized through both sensory and instrumental analysis. 

Sensory classification should be confirmed by PTR-MS classification and then a subset of samples should be 

retested in blind through sensory classification to validate PTR-MS classification (Figure 8.4 Phase I). By 

running a larger study, it would be possible to better characterize the golden standard “VOCs blueprint” 

used inside the raw materials quality control and to have a larger overview on possible samples off-flavours 

and defects. In this perspective, it is essential to understand how much VOCs concentrations can vary from 

the standard before being classified as not conform to industrial quality standards.  

From a data analysis point of view, PTR-MS fingerprints need machine learning and data mining methods 

to extract relevant information from the huge number of spectra obtained. This thesis confirmed the 

robustness of PLS-DA method as supervised classification method for building prediction models for food 

(60,87). By training the model with a sufficient number of samples able to cover industrial quality variability, 

it is reasonable to expect to improve models’ predictive power. Other supervised multivariate data mining 

methods may improve prediction power of PTR-MS fingerprints. However, food industry will benefit more 

from the development of an automated data analysis system. In this way, once realized the HS 

measurement, a dedicated software may proceed with data extraction of the whole spectrum or of just a 

selection of key mass peaks and directly giving the classification results to the operator. With this fast and 

non-invasive PTR-MS approach, it would be then possible to test a higher number of samples. Only samples 

discarded by this fully automatized procedure will be tested through industrial sensory evaluation to confirm 

the defected quality (Figure 8.4, Phase II). 
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Figure 8.4: Conceptual framework for raw materials industrial quality control. A conventional QC approach 

(top) is compared to a PTR-MS approach (bottom). PTR-MS approach consists of a phase 1, where a predictive 

model based on PTR-MS VOCs fingerprints is built and trained to predict industrial sensory classification of food 

samples. Mass peaks selection is a fundamental step here. Other instrumental analysis, depending on the type 

of raw material under investigation could be included for tuning the model. Once the model is set, volatilome 

analysis with the help of a multipurpose autosampler can be run on large amounts of samples during phase 2. 

Only the samples that will be classified as non-compliant will undergo sensory evaluation to confirm defected 

quality.  

For what concerns shelf life evaluations, VOCs information obtained by PTR-MS should be combined with 

other approaches to better evaluate changes during storage or processing. For example, it would be 

interesting to combine the key VOCs concentration changes into the integrated approach to shelf life 

estimation proposed by Achour (88) where a global stability index (GSI) is calculated as a function of time. 

In this index, different experimental values, each with its weighting factor are combined. Including some key 

VOCs markers (.e.g. oxidation markers), by also indicating their threshold concentrations, may contribute 

to a more accurate shelf life calculation.  

Another important application that take full advantage of the PTR-MS ability of measuring VOCs on-line 

with high sensitivity, is the on-line monitoring during product manufacturing. The numerous recent 

researches in this field where PTR-MS was applied to follow coffee roasting (89), milk lactic acid 

fermentation (90), beer fermentation (91) and volatilomes generated during S. cerevisiae growth testify that 

in the future the technique will be extensively applied to follow VOCs generation during food 
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transformation. Virtually, our approach has a wide range of possible applications. The use of PTR-ToF-MS 

fingerprinting could be used in a first stage to develop portable systems for data logging during 

transportation or storage of highly perishable products like fruit and vegetables. By characterizing the whole 

volatilome evolution in time in different transportation and storage conditions, it would be possible to select 

few critical compounds to follow with portable devices like MS-e-noses. These instruments are attractive 

for food industry for their portability, their relatively fast results able to provide a fingerprint of the sample 

and the possibility to employ cheap sensors which can be easily integrated in current production processes 

(92). Despite these features, there are still relatively few applications of MS-e-noses adopted in industry. 

This could be attributed to the drawbacks in robustness, selectivity and reproducibility of the sensors, the 

need for pattern recognition algorithms which can cope with the complex signal analysis (93), the tools 

sensitivity to operation temperatures and humidity (94) and the short sensor life-time. Technological 

improvements and the possibility to tune these sensors on PTR-MS data may lead to significant innovations 

in data logging frontiers for post-harvest quality management and monitoring quality changes during 

transportation and storage.  

PTR-MS approach could be applied to follow in details VOCs formation during different processes like 

roasting, baking, cooking and fermentation. As mentioned, the method has been applied to follow VOCs 

evolution during coffee roasting but it could be applied to other roasting processes interesting for 

agroindustry. Roasting of hazelnuts have been characterized with a HS MS-nose approach, by measuring 47 

analytes at fixed time intervals (95). PTR-ToF-MS approach to monitor online development of the 

volatilome could allow to include more variables into the experimental design like more geographical and 

botanical origins or more harvest years. Moreover, on-line monitoring is a powerful tool for studying 

dynamics of individual reaction steps like formation of VOCs from Maillard reaction during processing 

conditions (96–98). However, while performing on-line monitoring during cooking some challenges need to 

be faced. Usually, during thermal treatments, water evaporation happen which could condensate in the 

sampling inlet and lead to humidity problems in the drift tube. For this reason, air dilution is usually applied 

leading to a sensitivity reduction. In this case, the introduction of new generation PTR-MS instruments like 

PTR-QiToF-MS or the usage of an ion funnel may be ideal to ensure that enough sensitivity is provided to 

detect volatile aroma fractions.  

When it comes to in vivo nose-space analysis, this thesis proofs the important role of PTR-MS for 

understanding factors shaping flavour perception and aroma release. As mentioned in the previous section, 

future studies should aim at standardizing as much as possible data collection, data extraction and data 

analysis procedures. When looking at product characterization for industrial perspective, applications of 

nose-space measurements coupled to sensory analysis is promising in modelling product reformulation 

effects on flavour perception and aroma release. With the new food trends in reducing sugar, fats and salt 

in processed products for improving population health, the technique could be a valid support for product 
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development. When looking at consumer characterization, the technique could be used to better explore 

inter and intra individual variability. For agroindustry, the possibility to tailor products based on consumers’ 

features opens interesting business opportunities. Cross-cultural population studies with a much larger 

number of participants should be run to further validate findings on aroma release and flavour perception 

and investigate variability in saliva proteins, oral microbiota and oral/nasal mucosa. 

8.4 Main conclusions  

This work investigated several applications of PTR-MS in the context of food quality at agroindustry 

level with a focus on the sensory dimension of flavour/aroma. Considering the very promising results, PTR-

ToF-MS, combined with different tools like a multipurpose autosampler, a SRI and an ion funnel, appears as 

an effective analytical tool for different strategic tasks in agroindustry. Given the multidimensional aspect 

of quality and the different factors that can affect it, it would be naive to believe that a single technique 

would be able to cope with such a complex challenge like predicting food quality. However, this study 

showed PTR-MS potentialities when coupled with other techniques for quality evaluation. First, the 

technique can be applied for raw materials quality control to support sensory industrial quality evaluation. 

VOCs fingerprints of raw materials could be obtained in a fast (approx. 1 minute) and non-destructive way 

and with minimal requirements in terms of sample preparation. These features make the approach able to 

process an important number of samples, an essential need for agroindustry quality control which works 

with an elevated turnover of raw materials and products. The predictive models built on PTR-MS analytical 

information gave promising results in term of samples classification.  

Secondly, with the same approach it was possible to monitor VOCs changes during shelf life at different 

conditions. The effect of packaging, storage atmosphere, batch variability and temperature were tested on 

different raw materials. The analysis characteristics made possible to include more variable in the 

experimental designs and as well to monitor more closely changes largely associated to oxidation during 

accelerated storage conditions at 50ºC.  

Finally, in vivo nose-space measurements with a PTR-QiToF-MS, coupled to TI, were applied to investigate 

impact of product and consumer characteristics on aroma release and flavour perception during food 

consumption.  

In a global context where the transition towards more sustainable and healthy food systems is essential for 

reaching the SDGs of the Agenda 2030, technological development can greatly contribute to push forward 

this transition and, at the same time, can help food chain stakeholders - - to ensure that food quality is not 

lost during the process from farm to fork. PTR-MS can be used for this purpose by facilitating quality 

monitoring of both agricultural raw materials and processed food products and help understanding the 

factors shaping such a complex concept as food quality.  
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Summary 

Background and aim: Food quality is a multidimensional concept which includes both objective and 

subjective factors. Among these factors, the sensory aspect is gaining more and more attention among 

consumers and food industry. Monitoring this aspect of quality along the food chain, and in particular the 

one linked to product flavour, have become essential to ensure competitiveness. In this context, food 

industries are searching for rapid and flexible instrumental tools to support sensory evaluations of products. 

Monitoring volatile organic compounds (VOCs) from farm to fork through direct injection mass 

spectrometry techniques seems a promising possibility. This thesis focuses on the aspects of food quality 

related to the sensory part of aroma by presenting different applications of proton transfer reaction mass 

spectrometry (PTR-MS). The technique was applied to monitor VOCs changes during products shelf life, for 

control and investigation of raw materials’ quality and to investigate drivers of aroma release and perception 

during consumption.  

 

Material and methods: PTR-ToF-MS was used in combination with a multipurpose autosampler for 

obtaining, through a rapid and non-invasive headspace analysis, VOCs fingerprint of different food matrixes 

like anhydrous milk fat (AMF), ultra-high temperature lactose-free milk (UHT LF milk) and raw hazelnuts. 

H3O+ was mainly used as precursor ion for VOCs ionization but by using a selective reagent ionization device 

(SRI) the possibility to use other ionization ions (NO+ e O2
+) was explored to obtain additional information 

for compound identifications and for increasing samples discrimination. As well, the introduction of an ion 

funnel at the end of drift tube, allowed to increase technique sensitivity by improving ions transmission from 

the drift tube to the mass analyser region. A similar improvement in sensitivity, was obtained when using a 

PTR-QiToF-MS for in vivo nose-space analysis. The instrument was combined with a heated device for 

sampling participant’s breath from nostrils which has a double advantage. On one hand it improves 

panellists’ comfortability and, on the other hand, it improves transmission of all VOCs from the device to 

the drift tube by reducing VOCs adsorption phenomena on tubing surfaces. 

To correlate volatilome to perceived quality, sensory data were also collected. For raw materials quality 

control industrial sensory evaluation tests were performed, mostly through “A” – “not A” test where samples 

are compared to an industrial golden standard. For in vivo experiments, a Time Intensity method was used 

to follow aroma perception of panellists. Different type of recruiting criteria where included for participants. 

When the focus was on characterizing product reformulation in mayonnaise and the effect of combining it 

with different carrier foods (bread/potato) on aroma perception and release, only Dutch young females were 

recruited to limit inter-individual variability. For the same reason an eating protocol (fixed chewing time and 

swallowing) was established. When the focus was on characterizing inter-individual variability, and how 

gender, ethnicity and physiological parameters affect aroma perception and release, a panel constituted of 
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Asian-Chinese and Caucasian-Europeans (both males and females) was recruited. No fixed chewing 

procedure was imposed when consuming a mint chewing gum without any aroma encapsulation and sugar 

coating.  

 

Results: The results of this thesis confirm that PTR-ToF-MS fingerprinting is a valid sensitive approach to 

collect information about VOCs evolution during shelf life at different conditions and to monitor 

degradation processes which can compromise food quality such as lipid oxidation. In Chapter 2, the 

proposed methodology allowed to identify the effect of different production variables on AMF volatilome. 

Packaging type increased AMF volatilome differences during shelf life at 4°C, while storage at 50°C 

decreased them due to thermal oxidation phenomena that led to more elevated intensities of aldehydes 

and (methyl)ketones. Production batches differences also decreased during storage at 50°C. These VOCs 

differences were highlighted as well in UHT LF milk in Chapter 4. Most mass peaks increased during shelf 

life and differences in the batches were found in early shelf life stages. In both the experiments (Chapter 2 

and 4), the rapidity of the analysis allowed to include and assess simultaneously more variables.  

Results from Chapter 3 and 5 demonstrate that VOCs fingerprints obtained with PTR/SRI-ToF-MS, coupled 

with a multipurpose autosampler to enhance analysis standardization and computing power, can be used 

for supporting sensory quality control in agroindustry. For both tested raw materials (AMF and raw 

hazelnuts), the good quality samples had lower concentrations for most of the detected mass peaks in VOCs 

fingerprints. This is in agreement with sensory results obtained by the industrial partner where the “gold” 

standard for a raw material is to have a flavour as neutral as possible, without any off-notes. Both 

unsupervised and supervised data mining approaches gave positive results in discriminating sensory classes. 

In Chapter 3, PLS-DA predictive models on AMF showed a correct classification rates of 97% in 

discriminating good quality samples from non-conform samples (data form NO+ ionization mode) while 

unsupervised clustering on raw hazelnuts (Chapter 5) had a correct classification rate of 95% in separating 

conform and non-conform samples (data from H3O+ mode). Therefore, in an industrial quality control 

program, it will be possible to test the quality of a higher samples number through their volatile fingerprint 

obtained with fast and non-invasive PTR-MS approach. Industrial sensory evaluation will be performed only 

on samples discarded by the instrumental measurement to confirm the defected quality. Moreover, in 

Chapter 5 the approach ability to discriminate between raw hazelnuts lots with different levels of gustatory 

and visual defects was tested. The technique sensitivity was enough to detect significant VOCs variations 

between samples with 10 and 20% of defected hazelnuts. Testing for defects in large lots of raw materials 

in few seconds represent another improvement for industrial quality control programs.  

Chapter 6 and 7 demonstrated the potentialities of coupling in vivo nose-space analysis with dynamic 

sensory analysis to better investigate the complex relation between aroma release and perception and the 

impact of product and consumer characteristic on this relation. In Chapter 6, the nose-space PTR-QiToF-
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MS approach allowed to conclude that when consuming composite foods, decrease in sensory intensity 

perception was not due to a lower delivery of aroma compounds into the nasal cavity, as in-nose aroma 

release of condiments increased with the presence of a carrier food. Consequently, cognitive effects are 

likely to play a key role in sensory perception of composite foods. In a global context where agroindustry 

should contribute to more healthy and sustainable diets by reducing salt, sugars and fats levels in their 

processed food products, in vivo nose-space measurement coupled with sensory analysis is a valuable 

method for better predicting product reformulations effects.  

In Chapter 7, the same approach gave indications that consumers origin may affect aroma release and 

perception of mint chewing gum. Differences in aroma release could be due to many different factors. 

Participant’s origin (and diets) may be responsible for physiological differences especially in terms of saliva 

composition and oral/nasal microbiota. If these observations would be validated by larger population 

studies, they would be of great interest for the new emerging field of personalized product design and 

nutrition.  

 

Conclusion: This thesis, investigated several applications of PTR-MS in the context of food quality at 

agroindustry level with a focus on the sensory dimension of aroma. When looking at food quality control 

programs, high throughput VOCs fingerprinting of food samples through PTR-ToF-MS coupled with a 

multipurpose autosampler, represents a promising approach to select raw materials that will need quality 

sensory evaluations. The same approach is suitable for monitoring changes during shelf life at different 

conditions and, more in general for on-line applications during cooking operations. In vivo nose-space 

measurements coupled to sensory dynamic methods is a valid approach to investigate impact of product 

and consumer characteristics on aroma release and flavour perception during food consumption. In 

conclusion, PTR-MS approach was proofed to be one example of technological application, which can 

greatly facilitate the understanding of the factors affecting food quality from agricultural raw materials to 

market food products. 
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Riassunto 
Introduzione: La qualità alimentare è un concetto multidimensionale che include sia fattori oggettivi che 

soggettivi. Tra questi fattori, l’aspetto sensoriale sta guadagnando sempre più attenzione sia per i 

consumatori che per l’industria agro-alimentare. Poter monitorare l’aspetto della qualità lungo la filiera, e in 

particolare quello legato all’aroma e al sapore del prodotto, è diventato un componente essenziale per 

garantire la competitività. In questo contesto, le imprese agroalimentari stanno cercando delle tecniche 

strumentali rapide e flessibili per supportare il controllo della qualità sensoriale dei prodotti. Il monitoraggio 

dei composti organici volatili (VOCs) dal campo alla tavola tramite tecniche di iniezione dirette di 

spettrometria di massa sembrerebbe essere una possibilità promettente. Questa tesi si focalizza sugli 

aspetti della qualità alimentare collegati alla dimensione sensoriale dell’aroma, presentando diverse 

applicazioni della tecnica di spettrometria di massa con reazione di trasferimento di protone (PTR-MS). La 

tecnica è stata utilizzata per monitorare i cambiamenti nei livelli dei VOCs durante la conservazione di diversi 

prodotti agroalimentari, per il controllo e l’investigazione della qualità di materie prime e per indagare i 

drivers del rilascio dei composti aromatici e della percezione durante il consumo.  

 

Materiali e metodi: la tecnica PTR-ToF-MS è stata utilizzata in combinazione con un autocampionatore per 

ottenere, tramite un’analisi dello spazio di testa rapida e non-invasiva, la composizione in termini di VOCs 

di diverse matrici alimentari quali burro anidro (AMF), latte senza lattosio UHT e di nocciole crude. Lo ione 

H3O+ è stato utilizzato principalmente come ione precursore per la ionizzazione ma, grazie all’impiego di un 

device per la ionizzazione selettiva (SRI), è stata esplorata la possibilità di utilizzare altri ioni (NO+ e O2
+) al 

fine di ottenere informazioni addizionali per l’identificazione dei composti e per aumentare l’abilità di 

discriminazione della tecnica. Inoltre, l’introduzione di un ion funnel alla fine della regione di drift, ha 

permesso di incrementare la sensitività della tecnica migliorando la trasmissione degli ioni dalla regione di 

drift a quella di analisi della massa. Un simile miglioramento della sensitività è stato ottenuto utilizzando un 

PTR-QiTOF-MS per realizzare delle analisi in vivo. Lo strumento in questo caso è stato combinato con un 

dispositivo riscaldato per campionare il respiro dei partecipanti (via retronasale) che offre un doppio 

vantaggio. Da una parte migliora la comodità del pannellista e, dall’altra, migliora la trasmissione dei VOCs 

dal dispositivo alla regione di drift del PTR-MS, riducendo i fenomeni di adsorbimento e desorbimento dei 

VOCs sulle linee di trasmissione.  

Per correlare il volatiloma con la qualità percepita sono stati raccolti anche dati sensoriali. Per le materie 

prime sono stati svolti test di valutazione sensoriale industriali per il controllo qualità, la maggior parte 

tramite test “A”-“non A” in cui i campioni venivano comparati con degli standard industriali di riferimento. 

Per gli esperimenti in vivo, il metodo Time Intensity è stato utilizzato per seguire in tempo reale la percezione 

dell’aroma, applicando diversi criteri di reclutamento dei partecipanti. Per caratterizzare l’influenza della 

riformulazione della maionese e della sua combinazione con diversi carrier (pane/patate) sul rilascio dei 
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composti aromatici e sulla percezione dell’aroma, sono state reclutate solamente giovani donne olandesi 

per limitare la variabilità del panel. Per la stessa ragione è stato stabilito un preciso protocollo di consumo 

del prodotto. Per caratterizzare la variabilità inter-individuale e come il genere, l’origine, e i parametri 

fisiologici influenzassero la percezione e il rilascio aromatico, è stato reclutato un panel costituito da asiatici 

e caucasici (sia maschi che femmine). In questo caso nessun protocollo di masticazione è stato imposto per 

il consumo di chewing gum alla menta. 

 

Risultati: I risultati di questa tesi confermano che l’analisi rapida (fingerpriting) tramite PTR-ToF-MS è un 

approccio sensibile per raccogliere informazioni sull’evoluzione dei VOCs durante la conservazione di 

alimenti a diverse condizioni e per monitorare i processi di degradazione che possono compromettere la 

qualità alimentare come l’irrancidimento tramite ossidazione degli acidi grassi. Nel Capitolo 2, la 

metodologia proposta ha permesso di identificare l’effetto delle diverse variabili di produzione sul 

volatiloma del burro anidro. Il tipo di packaging aumenta le differenze nel volatiloma durante la 

conservazione a 4°C, mentre la conservazione a 50°C le diminuisce per effetto dei fenomeni di ossidazione 

termica che portano a intensità più elevate di aldeidi e (metil)chetoni. Le differenze trai lotti di produzione 

sono pure diminuite durante la conservazione a 50°C. Queste differenze in termini di VOCs sono state 

evidenziate anche nel latte senza lattosio UTH nel Capitolo 4. La maggior parte dei picchi di massa trovati 

dall’analisi sono aumentati durante il periodo di conservazione e differenze tra i lotti sono state trovate 

solamente all’inizio della conservazione. In entrambi gli esperimenti (Capitolo 2 e 4), la rapidità dell’analisi 

ha permesso di includere e valutare più variabili simultaneamente. 

I risultati dei Capitoli 3 e 5 dimostrano che le fingerprints dei VOCs ottenute tramite PTR/SRI-ToF-MS 

accoppiate ad un multicampionatore per aumentare la standardizzazione delle misure e il potere di 

processamento dei campioni, può essere utilizzata per supportare il controllo qualità sensoriale 

nell’agroindustria. Per entrambi i materiali testati (burro anidro e nocciole crude), i campioni di buona qualità 

hanno dimostrato avere concentrazioni più basse per la maggior parte dei picchi di massa rilevati dall’analisi. 

Questo dato è in accordo con i risultati dei test sensoriali industriali dove lo standard d’eccellenza di qualità 

per le materie prime è quello di avere un sapore il più neutro possibile, senza alcuna caratteristica sensoriale 

atipica. Approcci di data mining sia uni che multivariati hanno dato risultati promettenti nel discriminare le 

classi sensoriali dei prodotti testati. Nel Capitolo 3, i modelli predittivi tramite PLS-DA sul burro anidro 

mostrano un tasso di classificazione corretta del 97% nel distinguere i campioni di buona qualità dai 

campioni non conformi (dati modalità NO+). I modelli di clustering non supervisionato sulle nocciole crude 

(Capitolo 5) hanno dato un tasso di corretta classificazione del 95% nel separare i campioni conformi da 

quelli non accettabili (dati modalità H3O+). In un programma di controllo qualità industriale, sarebbe quindi 

possibile testare la qualità di un più alto numero di campioni tramite l’analisi rapida e non invasiva dei 

composti volatili con l’approccio PTR-MS. La valutazione sensoriale industriale sarebbe svolta solamente sui 
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campioni segnalati dall’analisi strumentale per confermare il difetto. Inoltre, nel Capitolo 5, è stata testata 

l’abilità dell’approccio nel discriminare tra lotti di nocciole crude con diversi livelli di difetti sia visivi che 

gustativi. La sensibilità della tecnica si è dimostrata sufficiente per identificare variazioni significative dei 

VOCs tra campioni con 10% e 20% di difetto. Poter testare la difettosità di lotti consistenti di materie prime 

in pochi secondi rappresenta un’innovazione importante per i programmi di controllo qualità industriali.  

I Capitoli 6 e 7 dimostrano le potenzialità di accoppiare l’analisi in vivo del respiro proveniente dalla via 

retronasale con metodi sensoriali dinamici per investigare in maniera più completa la relazione complessa 

tra rilascio dell’aroma e la percezione, e l’impatto che le caratteristiche del prodotto e del consumatore 

hanno su questa relazione. Nel Capitolo 6, l’analisi in-vivo realizzata tramite PTR-QiToF-MS ha permesso di 

concludere che la diminuzione dell’intensità della percezione sensoriale del condimento durante il consumo 

di alimenti composti (i.e. carrier + condimento), non è data da un minor rilascio di composti aromatici nelle 

cavità nasali visto che la presenza dei carrier ha aumentato il rilascio dei composti aromatici dei condimenti. 

Conseguentemente, è stato ipotizzato che gli effetti cognitivi hanno un ruolo chiave nella percezione 

sensoriale degli alimenti composti. In un contesto globale dove l’agroindustria deve contribuire alla 

transizione verso diete più sane e sostenibili anche tramite riformulazioni che prevedano riduzione di sale, 

zuccheri e grassi nei prodotti processati, le misure in-vivo del respiro della via retronasale, accoppiate 

all’analisi sensoriale, sono un prezioso metodo per predire meglio gli effetti di queste riformulazioni.  

Nel Capitolo 7, lo stesso approccio ha fornito indicazioni sul fatto che l’origine del consumatore possa avere 

un effetto sia sul rilascio dei composti aromatici sia sulla percezione di chewing gum alla menta. Differenze 

nel rilascio aromatico possano essere state causate da diversi fattori. L’origine dei partecipanti (e le diverse 

diete associate) possono essere responsabili di differenze fisiologiche, specialmente in termini di 

composizione della saliva e di microbioma orale e nasale. Se queste osservazioni fossero validate da studi di 

popolazione, sarebbero di grande interesse per l’emergente campo della nutrizione personalizzata.  

 

Conclusioni: Questa tesi ha investigato diverse applicazioni della tecnica PTR-MS nel contesto della 

qualità alimentare a livello agroindustriale, con un focus sulla dimensione sensoriale dell’aroma. Quando si 

considerano i programmi di controllo qualità nella filiera agroalimentare, metodi high throughput per 

ottenere il fingerprinting dei VOCs di prodotti alimentari, come la tecnica PTR-ToF-MS accoppiata con un 

autocampionatore, rappresentano un approccio promettente. Questo metodo può essere utilizzato per 

selezionare i lotti di materie prime che necessitano di ulteriori controlli di qualità tramite analisi sensoriale. 

Lo stesso tipo di approccio è valido per monitorare cambiamenti durante la conservazione a diverse 

condizioni e, più in generale, per applicazioni on-line durante il processamento o la cottura degli alimenti. 

Analisi in vivo, combinate con metodi sensoriali dinamici, sono un approccio valido per indagare l’impatto 

che le caratteristiche del soggetto e del prodotto hanno sul rilascio aromatico e la percezione dei sapori 

durante il consumo di alimenti. In conclusione, si è dimostrato che l’approccio PTR-MS è un esempio di 
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applicazione tecnologica che può facilitare la comprensione dei fattori che influenzano la qualità 

alimentare legati alla percezione e il monitoraggio della qualità a partire dalla materie prime agricole fino 

ai prodotti alimentari di mercato.  
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